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Zinc Oxide (ZnO) nanostructures demand particular attention due to their wide 
potential applications in the current and next generation of photonic and electronic 
devices. In the interest of an efficient, economical and well-suited fabrication 
method for large-scale production of one dimensional (1D) ZnO nanostructures, the 
electrodeposition method has been indicated as a promising avenue. The use of NO3- 
as a precursor appears to be an attractive route for the electrodeposition of ZnO 
nanowires (NWs) at industrially competitive deposition rates. The main aim of this 
work was to study the growth mechanism of ZnO NWs from nitrate-based solutions.  
A model based on the local concentrations of Zn+2 and OH-, generated from the 
electrochemical reduction of NO3-, was proposed to explain the growth mechanism 
of ZnO NWs. The ratio between OH- production and Zn2+ diffusion rates was 
identified as a crucial parameter, determining the NW growth regime and therefore 
the nanowire’s dimensions. The proposed mechanism represents a significant further 
insight into the ZnO NW electrodeposition from NO3- based solutions and provides 
a novel strategy to achieve higher deposition efficiencies, in comparison to the O2 
based route, while still controlling the diameter of NWs. 
Although conventional electrodeposition gives a high deposition rate, the key for 
successful implementation of a method depends on how industry can make it 
cheaper and more efficient. Hence, it is always of great interest to increase the 
deposition rate and deposition efficiency without compromising the desired 
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morphology. To promote this interest, pulse electrodeposition technique was 
employed. It was demonstrated that controlling the pulse parameters provides a 
powerful tool to control the local ratio between [OH-] and [Zn2+] enabling to employ 
the aforementioned mechanism. A comparison between the morphology and 
properties of samples deposited by the conventional and pulsed technique reveals 
that for a similar duration of deposition, the pulsed technique not only provides the 
opportunity to improve the morphology, structural and optical properties of samples 
but also reduces chemical consumption. 
The efficiency of many of the pioneering devices, which are based on 1D 
nanostructures, is significantly improved through increasing the surface area. 
Besides the surface area, in devices like solar cells, light scattering is also a major 
parameter that directly influences the light harvesting and efficiency of the cells. 
Employing hierarchical assembly of 1D nanostructures may open up promising 
avenues to meet the growing demand for fabricating pioneering devices with higher 
efficiencies as these structures not only provide a higher surface area but also 
combine the features of micro- and nano-structures, exhibiting unique properties. To 
fabricate such hierarchical structures, it was demonstrated that coating the primary 
NWs with a seed layer is an essential step. Although the deposition of a seed layer 
by spin-coating looks promising for research studies, it is associated with several 
steps and it is not easy to employ it for large-scale production. Hence, a 
straightforward and scalable fully electrochemical deposition process was 
developed, for the first time, wherein the seed layer was electrodeposited from ionic 
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liquid electrolytes. This process is expected to provide new opportunities for 
technological applications such as solar cells and photonic devices.  
Fabrication of nanotubes (NTs) is another avenue which may help to meet the ever-
increasing demand for increasing the efficiency of pioneering devices through 
enlarging the surface area. The common two-step deposition process of NTs is 
associated with some extra work and additional cost making it less favorable for 
large-scale production. Moreover, it was demonstrated that the reported single-step 
electrodeposition of NTs is irreproducible and more likely the hollow structure is 
only formed at the tips of the arrays. Hence, in pursuit of a straightforward and 
scalable method, a reproducible single-step was designed and the preliminary 
experiments demonstrated that that there is an opportunity of fabricating ZnO NTs 
in a single step. Moreover, it confirms that the dissolution of NRs’ cores is the 
prevailing formation mechanism of NTs, rejecting the proposed theory of NTs 

























































































































































































































































































































































1. Chapter 1: Introduction 
After intensive research in the 1950s and the 1970s, fundamental and applied 
research on zinc oxide sees a renaissance due to the prospective applications of 
this material in the electronics and photonics fields [1]. The renewed interest in 
ZnO is stimulated by its wide range of properties, including a range of 
conductivity from metallic to insulating (including n-type and p-type 
conductivity) [2, 3], high transparency [4], near UV emission [5], piezoelectricity 
[6], ferroelectricity [7], wide band gap semiconductivity (3.37 eV) [2, 3], room 
temperature ferromagnetism [8], magneto-optical [9], and chemical and gas 
sensing [10, 11]. Furthermore, ZnO is biocompatible [12], environment-friendly 
and inexpensive [1].  
With such a broad range of practical properties, ZnO has shown promising 
potential applications in the current and next generation of photonic and 
electronic devices [1-3, 13-16]. However, the applications and properties of the 
ZnO nanostructures strongly depend on the size, orientation and morphology, 
aspect ratio and even crystallite density [15]. Hence, developing well-aligned and 
controlled-size nanostructures is a fundamental challenge to improve optical, 
electrical, magnetic and other properties of this material [16]. 
Various methods have been employed to prepare ZnO nanoarrays and films such 
as metal-organic chemical vapor deposition (MOCVD) [17], pulsed laser 
deposition [18] chemical bath deposition [19, 20], hydrothermal process [21, 22], 
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templating with films of anodized aluminium oxide (AAO) [23] molecular beam 
epitaxy (MBE) [24], radio frequency magnetron sputtering [25], and  vapor–
liquid–solid (VLS) deposition [26]. However, most of these techniques require 
sophisticated and expensive equipment, since they are operated in vacuum and/or 
at high temperature and sometimes control of dimensions, doping and inter-
reactions are problematic. For example, in the VLS method, control of the wire 
dimensions depends on the size of the eutectic liquid droplets out of which the 
wires are grown, and these have a wide size distribution. The controllability and 
repeatability in the pulsed lased deposition method is also low. MOCVD and 
MBE are usually limited by poor sample uniformity, choices of substrate, and low 
growth rate. The growth rate in hydrothermal process is also very low. Giving 
another example, the AAO process is very difficult due to the fabrication and 
removal of the AAO template. Moreover, in spite of synthesizing high-quality 
ZnO nanostructures by some of the aforementioned techniques, defects are often 
observed in the as-grown samples. These defects may negatively influence the 
properties of the ZnO [27].  
The synthesis of ZnO nanoarrays is also possible from aqueous solutions by 
electrodeposition, which was first reported by Izaki and Omi [28] as well as 
Peulon and Lincot [29] in 1996. Electrochemical deposition provides a 
controllable and economical pathway for large-scale production of ZnO 
nanostructures. The advantages offered by electrochemical deposition over other 
techniques include that:  
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 it allows higher deposition rates can be achieved in comparison with other 
conventional methods;  
 it does not need high-vacuum or high-temperature equipment;  
 thickness and morphology of films can be controlled simply by adjusting 
electrochemical parameters;  
 it offers a wider choice of substrate in respect of material and shape;  
 due to typical lower temperatures minimum inter-reaction or inter-
diffusion between deposit and substrate occurs while it naturally provides 
a good electrical contact between structures and the conductive substrate;  
 it provides single crystalline deposit;  
 the density of defects can be controlled by electrochemical parameters. 
In order to get a better understanding of how the electrochemical deposition 
technique helps to get the desired properties, first, crystal structure of ZnO and 
then growth mechanisms followed by the influential electrodeposition parameters 
will be briefly reviewed.  
1.1. Crystal Structure  
Zinc oxide shows three crystal structures including wurtzite, zinc blende, and 
rocksalt. At ambient conditions, the thermodynamically stable phase is wurtzite. 
A schematic representation of the wurtzitic ZnO structure is shown in Fig.  1-1. 
The wurtzite structure has a hexagonal unit cell with two lattice parameters, a and 
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c, in the ratio of c/a=8/3=1.63. The lattice constants mostly range from 3.2475 to 
3.2501 Å for the a parameter and from 5.2042 to 5.2075 Å for the c parameter [3].  
The structure of ZnO can be simply described as a number of alternating planes 
composed of tetrahedrally coordinated O2− and Zn2+ ions, stacked alternately 
along the c-axis. An important characteristic of ZnO is having polar surfaces. The 
most common polar surface is the basal plane. The oppositely charged ions 
produce positively charged Zn-(0001) and negatively charged O-(0001) surfaces, 
resulting in a normal dipole moment and spontaneous polarization along the  
c-axis as well as a divergence in surface energy [30].  
 
Fig.  1-1: Wurtzite structure of ZnO. The shaded gray and black spheres denote Zn and O atoms, 
respectively. Adopted from Özgür et al. [3]. 
 
Many other properties of this material depend also on its polarity, for example, 
growth, etching, defect generation and plasticity [3]. In wurtzite ZnO, the primary 
polar planes {0001} and associated directions <0001> are the most commonly 
used surfaces and directions for growth. The other two most commonly observed 
planes for ZnO are {21 10} and {0110}, which are non-polar surfaces; they are 
terminated with the same number of O and Zn atoms, and have lower energy than 
the {0001} planes. Hence, these three surfaces are of particular interest from the 
viewpoint of surface chemistry [3, 30].  
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A range of ZnO structures can be exhibited by tuning the growth rates along these 
directions. One of the most profound factors determining the morphology 
involves the relative surface activities of the various growth planes under given 
conditions. Macroscopically, a crystal has different kinetic parameters for 
different crystal planes, which are emphasized under controlled growth 
conditions. Thus, after an initial period of nucleation and incubation, a crystallite 
will commonly develop into a three-dimensional object with well-defined, low 
index crystallographic planes. These structures tends to maximize the areas of the 
lower energy {21 10} and {0110} planes [30]. In contrast, fast crystal growth 
along the <0001> direction is energetically favorable due to the higher surface 
energy of the polar {0001} plane. 
1.2. Electrodeposition of ZnO Nanostructures 
The formation of different ZnO morphologies can be attributed to the different 
growth rates in the various crystal planes. Therefore, it can be reasonably 
concluded that the aspect ratio and the final shape of the ZnO nanarrays will be 
determined by the relative growth rates of these crystal faces.  
The precursor for electrodeposition of ZnO is usually either Zn(NO3)2 or ZnCl2 
and the most common solvent is water, although organic solvents such as 
methanol, ethanol and butanol or even ionic liquids can be also used [31]. For the 
formation of ZnO the solution should be alkaline because divalent metal ions can 
only hydrolyze in alkaline solutions [32, 33]. Hence, for cathodic 
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electrodeposition of ZnO, the pH has to be increased in the immediate vicinity of 
the substrate (cathode). This can be achieved by the reduction of different 
precursors such as O2 [29, 34], H2O2 [35] and NO3- [28]. The released OH− ions 
react with Zn2+ ions to form Zn(OH)2 or other intermediates on the cathode 
electrode. Subsequently, ZnO is formed by dehydration of these intermediates 
[36, 37].  Note that although OH- ions can be generated by the direct reduction of 
water, the accompanying hydrogen bubbles physically damaged the deposited 
ZnO structures.  
1.3. Electrochemical Parameters 
One-dimensional (1D) ZnO nanostructures are especially interesting due to their 
potential tunable electronic and optoelectronic properties. Tuning the morphology 
and dimensions of ZnO nanostructures, which determines the potential 
applications, by manipulating electrodeposition parameters seems a promising 
method. Indeed, almost all the published papers on the electrodeposition of ZnO 
imply or declare that the morphology and dimensions of the nanostructures can be 
tailored by optimizing the influential parameters [38-43]. However, the ability of 
this technique to tailor the desired nanostructures has not yet been fully exploited. 
Variation of some electrodeposition parameters may also affect the nucleation and 
growth mechanisms, increasing the possibility to attain more control over the 
morphology and dimensions in the template free electrodeposition process. To 
show how the influential parameters may affect the electrodeposition of ZnO, 
some of these parameters are very briefly reviewed in the following subsections.  
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1.3.1. Additives 
Due to the presence of chemically dissimilar lattice faces in ZnO structures, the 
different crystal planes can be selectively covered by a structure-directing agent to 
change the growth kinetics and surface energies of those planes, which can 
ultimately lead to anisotropic growth of low symmetry nano/micro-scale 
structures [38]. Additives can be divided into two main groups; those which 
encourage the growth along the primary direction, c-axis, and additives which 
promote the growth along other secondary directions. However, for some of these 
additives, such as chloride, the direction of growth that is encouraged depends on 
their concentration and/or the presence of other chemicals, like oxygen.    
Adding structure-directing agents, such as amines, to the ZnO electrodeposition 
solution above a certain amount leads to a lower growth rate in certain directions. 
These kinds of additives are nonpolar chelating agents that preferentially attach to 
the side planes of ZnO nanorods. This hinders the Zn2+ supply and the growth 
predominantly occurs on the exposed (0001) plane, leading to a preferential 
growth along the [0001] direction [27, 44]. A high concentration of structure-
directing agent in the solution increases the attachment probability to the (0001) 
surface, resulting in a lower growth rate along the c-axis. When the concentration 
of structure-directing agent is high, its distribution on the (0001) surface is likely 
inhomogeneous with less attachment to the center, which results in a higher 
growth rate in the central region. Therefore, taper-like nanorod or nanocones 
(also known as spear-like nanorods or nanonails) instead of nanorods with 
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hexagonal (0001) surfaces are eventually formed at higher concentrations of 
structure-directing agents [27]. At the other extreme, when the amount of 
directing agent is insufficient, many nanorods may coalesce in the transverse 
direction [45]. 
Xu et al. [38] reported that with increasing Cl- concentration, even at the initial 
stage of ZnO nucleation, plate-like crystals vertical to the substrate began to 
appear. These authors explained that preferential adsorption of Cl- on the (0001) 
planes leads to preferential growth on the (1010) plane. Moreover, there is large 
charge density at the edge of the planes during the electrochemical process and 
the Coulomb force between the ZnO plates and the cathode leads to the out-of-
plane growth, vertical to the substrate.  
In contrast, Tena-Zaera et al. [42] explained the role of Cl- in the growth of ZnO 
nanowires (NWs), as opposed to plate-like crystals, from a solution saturated with 
oxygen. An increase in KCl concentration ([KCl]), i.e. Cl- concentration, 
considerably decreased the rate of O2 reduction. The consequent decrease in OH- 
production rate enhanced the ZnO columbic deposition efficiency, from a value of 
around 3% for 5x10-2 M to more than 40% for 3.4 M. The increase of the 
deposition efficiency mainly resulted in an enhancement of the longitudinal 
growth rate. However, high [KCl] (>1 M) also favored the lateral growth of the 
ZnO NWs, resulting in diameters as big as 300 nm (in comparison to a diameter 
of 80 nm obtained for [KCl] < 1 M).  
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Elias et al. [43] reported the electrodeposition of ZnO NWs from the reduction of 
dissolved molecular oxygen in solutions containing different anions including Cl-, 
SO42-, and CH3COO-. A significant variation of the diameter (65-110 nm) and 
length (1.0-3.4 µm) of the NWs was obtained by changing only the nature of the 
anions in the solution. NWs exhibiting the lowest and highest aspect ratios were 
obtained in chloride and acetate solutions, respectively.  
In general, additives can kinetically control the growth rate of different lattice 
faces and lead to different nanostructures. The effect of other additives such as 
ethylenediamine (EDA) [38, 39], NH4F [39], hexamethylenetetramine (HMT) 
[44, 46, 47] have been studied and reported in the literature.  
1.3.2. Potential and Current Density 
The electrodeposition potential plays an important role in preferential growth 
orientation of ZnO crystals. A range of structures from ZnO film to NWs to 
nanoplanes can be fabricated by controlling only the electrodeposition current 
density [48]. However, it is difficult to explain the individual effects of applied 
potential or current density as this is affected by other electrochemical parameters 
like concentration of Zn2+, presence of bubbling oxygen and surface chemistry of 
the substrate. Any adsorption phenomenon at the interface decreases the 
interfacial tension. When a high electrodeposition potential is applied, an ITO 
substrate will have a low interfacial tension and tiny ZnO crystallites can directly 
adsorb on the substrate and then nucleate, resulting in ZnO NWs perpendicular to 
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the substrate. When a low electrodeposition potential is applied, the ITO substrate 
has a relatively high interfacial tension and only very few tiny ZnO crystallites 
can directly adsorb on the substrate [38]. 
Another explanation is that when a more negative potential is applied, it leads to 
the generation of more hydroxide ions, and in the meantime, zinc ions in the 
electrolyte easily diffuse to or absorb on the cathode surface due to the stronger 
electric field intensity. All these phenomena promote the electrodeposition 
process, and the growth rate of the electrodeposition of ZnO will increase [49].  
In general, with increasing applied potential (more negative potentials) or current 
density, the growth is faster, the average diameter of rods is smaller, and the 
length and density of rods are larger. However, they are less ordered and show 
signs of coalescence due to the high density of nuclei [40, 45, 48, 49]. 
1.3.3. Temperature  
The effect of temperature on the growth is not as complicated as that for potential 
and current density. Increasing the temperature may cause an increase in both the 
diffusion rate of zinc ions in the electrolyte and the dehydration reaction rate of 
Zn(OH)2 to ZnO. As a result, the rates of the nucleation process and crystal 
growth of zinc oxide increase with the temperature [49, 50]. With increasing 
temperature, the orientation of the structure along the c-axis is improved and this 
is the main effect of the temperature on the structure of the deposited NRs [37, 49, 
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51]. Moreover, the crsystallinity is increased when the temperature is higher than 
40 oC [36, 37]. Guo et al. [49] reported that average diameter and length of ZnO 
NRs increased from 16 nm to 44 nm and from 400 nm to 750 nm, respectively, 
with the temperature  from 60 oC to 80 oC while the density of rods strongly 
decreased, from 950 to 200 rods µm-2. 
1.3.4. Concentration of Zn precursor  
The Zn2+ concentration is known to affect the morphology of the deposited ZnO. 
For example, Belghiti et al. [52] showed that by decreasing the concentration of 
ZnCl2 from 5 mM to 1 mM, in the presence of KCl supporting electrolyte, the 
morphology changed from a dense ZnO film to NRs. Moreover, the concentration 
of Zn precursor is a major parameter to control the dimensions of ZnO 
nanoarrays. With rising the concentration of Zn precursor from 5x10-5 M to 1x10-3 
M, the average diameter of nanorods increases from about 25 nm to 78 nm [41]. 
1.3.5. Substrate 
The density of arrays depends on the density of sites energetically favorable for 
the nucleation of ZnO. Using a seed layer is an efficient way to improve not only 
the vertical alignment of ZnO NWs, resulting in enhancement of optical 
properties, but also the diameter and density of NWs, leading to an increase the 
surface area of the film [52-55]. In a study Wu et al., the role of the cluster size of 
a Au seed-layer in improvement of ZnO nanorods was investigated [54]. The 
sheet resistance of Au-coated ITO was found to reduce significantly when the Au 
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cluster size increased to 45nm. However, a remarkable increase in the density and 
reduction in the diameter of the ZnO nanorods was achieved by using a Au-
precoated ITO substrate with an Au cluster size of 24 nm, which had a sheet 
resistance comparable to that of the bare ITO substrate. Hence, the reduction of 
the sheet resistance is not a dominant factor for the enhancement of the growth of 
ZnO nanorods on Au-precoated ITO substrates. It has been also demonstrated that 
a seed layer may significantly influence the OH- generation rate. For instance, the 
reduction of nitrate on ITO or Pt-coated ITO is disturbed by H2 generation while 
it does not on Au-coated ITO substrate leading to high density nuclei and thus 
high-density ZnO nanorods are deposited on the Au/ITO substrates [54]. 
1.4. Conclusions 
ZnO has a hexagonal wurtzite structure and wide band gap energy of 3.37 eV. 
Due to its special properties, it has attracted much attention in versatile fields such 
as electronics, optics and photonics. The development of facile, efficient and 
economical methods for creating novel architectures based on 1D nanostructures 
remains an important challenge. However, it seems that the electrodeposition 
method is a candidate to meet the requirements of a reliable, large-scale 
production process. Various ZnO nanostructures such as thin films, NWs, 
nanoplanes, nanotubes, and so forth can be synthesized using electrodeposition by 
changing the influential parameters, including additives (structure-directing 
reagents), potential and current density, pH, temperature, Zn precursor 
concentration and the nature of the substrate.  
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1.5. Motivation and Thesis Structure 
1.5.1. Electrodeposition of ZnO NWs from Nitrate-Based Solutions 
It was stated in Section 1.2 that for cathodic electrodeposition of ZnO, the pH has 
to be increased in the immediate vicinity of the cathode and this can be achieved 
by the reduction of different precursors such as O2, H2O2 and NO3-. In the case of 
O2 precursor route, the growth mechanism has been studied extensively by the 
groups of Lincot [29, 37, 52] and Lévy-Clement [41-43]. This strategy gives great 
control over the deposition conditions but the deposition rate is low due to the 
limited solubility of oxygen. Moreover, it has been reported that the presence of 
Zn2+ in the system hinders oxygen reduction [56]. Although significantly higher 
deposition rates have been reported for the electrodeposition of dense ZnO thin 
films from H2O2 [35, 57], there are no reports on template-free electrodeposition 
of ZnO NWs by this route and the limited chemical stability of H2O2 makes 
controlled growth difficult.  In contrast, it has been demonstrated that the presence 
of Zn2+ in the system accelerates the reduction of nitrate [58]. Hence, the use of 
NO3- as a precursor appears to be an attractive alternative for the electrodeposition 
of ZnO NWs at industrially competitive rates. Nevertheless, previous reports 
using nitrate mostly focused on the deposition of ZnO dense films [28, 36, 58-61].  
Although the literature about ZnO electrodeposition from zinc nitrate precursor is 
extensive, to the best of my knowledge there are only a limited number of papers 
dealing with deposition from pure nitrate-based solutions, since usually a non-
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nitrate-based additive is added to the deposition solution, for a variety of reasons, 
which may strongly influence the nucleation, growth mechanism or morphology 
even in very low concentrations [62, 63]. Hence, a systematic study to address the 
growth mechanism that is controlling the morphology from pure nitrate-based 
solutions is strongly needed because without understanding the role of the nitrate, 
as perhaps the most practical of the three-available precursors of OH- ions, it 
would be very difficult to efficiently study and control the growth of ZnO 
nanostructures to a level suitable for industrial production. For example, it was 
discussed in Section 1.3 that the properties and applications of ZnO NWs are 
crucially dependent on size, orientation, morphology, aspect ratio and even the 
nanowire density. As a result, developing ZnO NWs with controlled dimensions 
is essential to tailor their physical properties and improve device performance. 
However, this will not be possible without understanding the growth mechanism.  
In the work reported in Chapter 4, instead of using Zn(NO3)2 as the sole precursor 
of both Zn2+ and NO3- ions, NaNO3 is deployed as an additional source of NO3-. 
The separation of precursors introduces extra versatility for fundamental studies 
and also allows more control over deposition conditions. A growth mechanism 
model, previously proposed for the O2 precursor route, is extended to the NO3- 
case. All in all, a new strategy to obtain arrays of ZnO NWs with tailored 
dimensions at deposition rates compatibles with large-scale production is 
reported. 
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1.5.2. Pulsed Electrodeposition of ZnO NWs from Nitrate-Based 
Solutions 
In the interest of an efficient, economical and well-suited fabrication method for 
large-scale production of 1D ZnO nanostructures, the electrodeposition technique 
has appeared as a promising method due to previously discussed reasons 
including higher deposition rates in comparison with other conventional methods.  
Although conventional electrodeposition (CED) gives a high deposition rate, the 
key for successful implementation of a method depends on how industry can 
make it more cost efficient. Hence, it is always of great interest to increase the 
deposition rate and columbic deposition efficiency without compromising the 
desired morphology. Furthermore, the demand for the desired 1D nanostructures, 
i.e., high density, high aspect ratio, 1D nanostructures, has risen because the 
efficiency of some applications, for example solar cells and gas sensors, has a 
direct relation to the surface area and orientation of the ZnO structure. However, 
fabrication of desired 1D nanostructures with a high deposition efficiency and/or 
high deposition rate by CED is still a great challenge. 
The results of the systematic study of ZnO NWs growth presented in Chapter 4, 
the main findings of which have already been published [64], show that the ratio 
between the OH− generation rate and Zn2+ diffusion is the main parameter 
controlling the growth mechanism of ZnO NWs from nitrate-based solutions. It is 
demonstrated that for a constant Zn2+ precursor concentration, increasing the OH- 
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generation rate (i.e. by increasing NaNO3 concentration and/or current density) 
causes both the average diameter size and deposition efficiency to decrease as the 
growth is limited by Zn2+ diffusion. Moreover, applying a high cathodic 
overpotential led to hydrogen gas-evolving side reactions perturbing the 
deposition. Apparently, to achieve even smaller diameters one would need to 
decrease the concentration of Zn2+ precursor, but it is not easy to work at low 
concentrations because not only do the aforementioned problems become 
magnified but also the density of NWs declines significantly.  
To address the above-mentioned problems, i.e., to achieve the desired 1D ZnO 
nanostructures with higher deposition efficiencies and/or deposition rates, pulse 
electrodeposition (PED) is employed, with the results being presented in Chapter 
5. PED has the advantage of enabling deposition at high negative overpotetnials 
[65]. Intrinsically, during low voltage or off periods it enables the replenishment 
of ions from the bulk electrolyte for processes that are under diffusion control. 
Moreover, it is a powerful method to control the orientation [66, 67] and to 
improve the optical properties of the films compared to CED [68-70]. These 
features demonstrate that employing PED is a very promising avenue to pursue 
aforementioned goals.  
The PED method is based on a short pulse at a high deposition potential followed 
by a much longer growth pulse at a lower overpotential. A large overpotential 
causes a large current density and thus a large rate of nuclei formation. This high 
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overpotential and the concomitant high deposition rate, however, can be 
maintained only for a few tenths of a second (ton-time) because the ion 
concentration in the vicinity of the cathode decreases drastically and the process 
threatens to become diffusion-controlled. In order to avoid this, the current has to 
be switched off (toff-time) so that the ions can diffuse from the bulk electrolyte to 
the cathode and compensate the ion depletion [71]. Indeed, in PED three ex-situ 
parameters can be varied independently over a broad range contrary to CED 
wherein only one parameter, either current density or voltage, can be varied. This 
feature gives more degrees of freedom in controlling the morphology and 
dimension of the nanostructures.   
Despite the large number of the papers on fabrication of metallic and oxide 
nanostructures by PED [72-75], this method has been largely neglected in the case 
of ZnO nanostructures as, to the best of my knowledge, there are only a few 
publications about PED of ZnO structures [66-70, 76-78]. Furthermore, none of 
these deals with the growth mechanism involved in PED deposition. Hence, for 
the present work, presented in Chapter 5, a systematic study was conducted on the 
growth mechanism of 1D ZnO nanostructures and the effects of pulse parameters 
to approach the desired aim of achieving 1D ZnO nanostructures with higher 
deposition rates and/or higher deposition efficiencies. In this study, pulsed-current 
density electrodeposition (PCED) was employed as by this technique it is easier to 
control and apply the same total charge to samples under different conditions than 
in the pulsed voltage technique. Moreover, designing the pulse conditions in a 
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way that ensures that the process is far from the d.c. conditions is easier in PCED 
as the maximum applied current is controlled. 
1.5.3. Electrodeposition of Hierarchical 1D ZnO Nanostructures 
Well-aligned one-dimensional (1D) materials demonstrate great potential 
applications in energy harvesting, conversion, and storage [16]. The efficiency of 
most of the present pioneering devices is expected to be significantly improved 
through increasing the surface area of 1D nanostructures. For example, in Dye-
Sensitized Solar Cells (DSSCs), a high-performance 1D photoelectrode must 
foremost have a large surface area for dye adsorption, comparable to that of a 
nanoparticle film. This is because raising the efficiency of such cells to a 
competitive level depends on achieving higher dye loadings through an increase 
in surface area [79, 80], which is possible by increasing both the length and 
density of nanoarrays. Moreover, in order to achieve higher efficiency in solar 
cells, besides the surface area, light scattering is a major parameter to increase the 
light harvesting in nanostructured solar cells [42, 81].  
Growing longer 1D nanostructures enables enhanced efficiency of DSSCs, for 
instance, a power conversion efficiency of up to 7% has been reported for 
assembled ZnO NWs with a total thickness of 40 µm [82] which is the highest 
recorded value for bare ZnO. However, the fabrication of ultra-long 1D 
nanostructures is still very difficult due to the limitations of existing fabrication 
techniques [83].  
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To address the aforementioned problems in developing pioneering devices, 
hierarchical assembly of 1D nanostructures has recently become the focus of 
intensive research. This is because these structures possessing special properties 
including high surface area and high electrical conductivity [83, 84], and more 
importantly because such structures combine the features of micrometer- and 
nanometer-scaled building blocks and exhibit unique properties different from 
those of one-dimensional structures [85-88]. Hence, hierarchical structures may 
provide a solution to the current challenges in increasing the efficiency of 
pioneering devices including DSSCs.  
Hierarchical structure is usually used to refer to micro/nanoscale aggregates 
assembled by small building blocks, such as nanoparticles, nanorods, nanowires, 
nanoplates, etc. Many interesting hierarchical structures of ZnO have been 
fabricated by different methods such as thermal evaporation of oxide powders, 
hydrothermal synthesis, and chemical vapor deposition. However, the previous 
reported methods generally need high temperature, high pressure, extended 
treatments or surfactants, making these methods uneconomical for industrial scale 
production. It is still a challenge to develop a facile, mild and rapid synthesis 
method to prepare hierarchical ZnO nanostructures. 
To date, electrochemical deposition, known as a simple, quick, and economical 
method, has proved to be a powerful approach for the fabrication of 1D ZnO 
nanostructures. However, thus far only a few papers have been published on 
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electrodeposition of hierarchical ZnO nanostructures [89-93], necessitating much 
more attention to this subject. By taking advantage of the great potential of 
electrodeposition to obtain arrays of ZnO one-dimensional nanostructures with 
controlled dimensions [41, 42] and electrical properties [94], a multi-step 
deposition process will be designed and presented to obtain ZnO hierarchical 
nanostructures with tailored morphology and dimensions. The unique 
combination of the high surface, morphological and structural properties of these 
hierarchical micro/nanostructures may be crucial to maximize photon harvesting, 
fast charge carrier diffusion and/or delocalization, thereby enabling efficient 
exploitation of these micro/nanomaterials as electron transporting components in 
devices such as dye-sensitized solar cells. 
1.5.4. Electrodeposition of ZnO Nanotubes 
As previously stated several times, well-aligned 1D nanomaterials demonstrate 
great potential for applications in current and next generation devices. The interest 
of going from spherical particles to nanorods is to obtain a more directional 
transport to the conductive substrate. However, the surface area significantly 
reduces during this morphological change leading to a great decrease in efficiency 
of some devices such dye sensitized solar cells that rely on a high surface area. 
Hence, there is a very high level of motivation to increase the surface area again. 
Fabrication of nanotube (NT) structures may help to meet this ever-increasing 
demand. Like other morphologies discussed in previous sections, there are 
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different methods for fabrication of ZnO NTs. However, the electrodeposition 
method, as usual, has its own advantages over other methods.    
Zinc Oxide, as an amphoteric oxide, can react with both H+ (Eq. 1-1) and OH- 
(Eq. 1-2) ions to produce products that are soluble salts. Moreover, the etching 
rate of basal polar planes, (0001) & (0001ത), is faster than that of the nonpolar 
planes as these planes have a higher surface energy. 
ZnO  ൅  2Hା  ՜  Znଶା  ൅ HଶO                                                  1-1 
ZnO  ൅ 2OHି  ՜  ZnOଶଶି ൅ HଶO                                               1-2             
Based on the above facts, a two-step electrochemical/chemical process has been 
developed for fabrication of ZnO NTs. There are only a few papers on template-
free electrodeposition of ZnO NTs [95-101]. In a typical process, ZnO NRs are 
first electrodeposited and then the sample is placed in either an acidic solution, 
like HCl, or a basic solution, such as KOH, at a certain temperature for a specific 
duration [95, 96]. Alternatively, the acidic or basic agent is produced by water 
splitting [97, 98], electrolysis [99] or hydrolysis [100, 101] of chemicals. 
However, all these methods, to a greater or lesser degree, are difficult to carry out 
because: i) the deposition solution needs to be changed to a etching solution; ii) 
the solution needs to be heated up; iii) the etching stage usually takes more than 
one hour and in some cases between 10 h and 15 h [99].   
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Interestingly, Tang et al. [102] reported the fabrication of single-crystalline ZnO 
NTs by a single-step electrodeposition from 0.0001 M ZnCl2 + 0.1 M KCl 
saturated with oxygen at a temperature of 80 oC and potential of -0.7 V vs. SCE.  
However, there is no other report on single-step electrodeposition of ZnO NTs, 
implying this method is very difficult or irreproducible [96]. Hence, there is a 
strong motivation for developing a facile and reproducible single-step method for 







2. Chapter 2: Literature Review 
2.1. ZnO Electrodeposition from Nitrate-based Solutions  
2.1.1. Introduction 
Since the first report by Izaki and Omi [28] in 1996, numerous papers have been 
published on the electrodeposition of ZnO nanostructures from nitrate-based 
solutions. However, only in few of these have the experiments been carried out 
under controlled atmosphere, i.e., only in a few of these the effect of oxygen 
molecules in electrogeneration of hydroxide ions has been excluded [58]. In some 
of the other papers, in addition to the atmospheric oxygen, an additive like KCl 
[40, 103, 104], ethylenediamine (EDA) [38, 39, 44], or hexamethylenetetramine 
(HMT) [47, 105-107] has been added to the deposition solution, which 
considerably influences the nucleation and growth of ZnO nanostructures. Hence, 
the literature lacks a systematic study on the individual effect of nitrate ions, as 
one of the main OH- precursors, on the growth mechanism of ZnO nanostructures.  
The most challenging part in ZnO electrodeposition from nitrate-based solutions 
is the complexity of nitrate reduction, because the reduction reaction does not 
proceed through a simple or a specific path and it depends on many chemical and 
electrochemical parameters leading to a broad spectrum of products [108-117]. 
Thus, the major publications are briefly reviewed in this regard to show the 
complexity of nitrate reduction and parameters which may affect this reaction. 
This is followed by a review and discussion on the few publications to date that 
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deal with electrodeposition of ZnO nanostructures from pure nitrate-based 
solutions.  
2.1.2. Electrochemical Reduction of Nitrate    
The cathodic reduction of nitrate is an extremely interesting reaction. It can lead 
to different products in reactions involving the transfer of one to eight electrons 
per nitrate ion [108-112] (Fig.  2-1). Milhano and Pletcher [108] have reviewed the 
electrochemistry and electrochemical technology of nitrate for its removal from 
both drinking water and effluents, for  its reduction   in nuclear waste disposal and 
for the production of hydroxylamine. A more recent field of interest is the 
electrochemical study of the nitrate reduction to precipitate different oxide 
materials and other compounds at elevated pH [113].   
 
Fig.  2-1: Possible products from the reduction of nitrate; the top row of digits show the number of 
electrons transferred and the bottom row show the oxidation state of the nitrogen atoms. 
 
Obtaining a mixture of products is the norm for nitrate reduction and it is never 
obvious whether products are being formed in a sequence of electron transfer 
steps or by parallel reduction mechanisms. This issue has two consequences. 
Firstly, the prediction of the likely products, simply based on the average number 
of electrons involved in the reduction, would be very difficult. Secondly, it seems 
that a number of experimental parameters including the concentration of nitrate, 
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 pH, nature of the supporting electrolyte, cathode material, and electrode potential 
(or current density) as well as total passed charge significantly affect the product 
spectrum [108-117].  
During nitrate reduction the local pH at the cathode surface can be significantly 
higher than the bulk value [36, 113] and it can vary during an experiment, e.g. 
during a potential sweep. Particularly with high nitrate concentrations, (and/or 
high current density), the reaction layer will only be buffered in solutions at the 
extremes of pH; pH buffers added to the solution have a strong influence on the 
reduction of nitrate, even killing the response entirely. Moreover, experience 
shows that the presence of both cations and anions (including nitrite) at a trace or 
impurity level can lead to changes in the product spectrum; hence, the purity of 
chemicals and water used in the preparation of solutions is an issue in all 
experimental studies. Certainly, product selectivity is a concern in all applications 
involving the reduction of nitrate ion. Also, hydrogen evolution is usually a 
competing reaction at very negative potentials producing multiple challenges for 
the design of electrocatalysts, i.e. enhancing the rate and selectivity of nitrate 
reduction while minimizing hydrogen evolution.  
All in all, since the reduction of nitrate is a very complicated process, its 
mechanisms, perhaps not surprisingly, remain very poorly understood. Hence, in 
most publications only a qualitative explanation of the experimental findings is 
given. Although some publications have presented plausible explanations for their 
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findings, these might be limited to the specific conditions of those works, nitrate 
reduction being very sensitive to experimental conditions as it is shown by briefly 
reviewing the complexity of the nitrate reduction in the following paragraphs.  
Katsounaros and Kyriacou [109, 110] performed a comprehensive systematic 
study on nitrate reduction on tin electrodes. In their study about the influence of 
the concentration and the nature of the supporting electrolyte in solutions 
containing 0.05 M NaNO3 [109], they showed that at potentials more negative 
than -1.8V versus Ag/AgCl the rate of the reduction significantly increases with 
the concentration of NaCl. Moreover, the cation of the supporting electrolyte also 
increases the reduction rate in the order of Li+ < Na+ < K+ < Cs+, where the 
supporting electrolyte is 0.1 M M-Cl. Higher rates can be achieved in the 
presence of multivalent cations such as Ca2+ and La3+, as well as NH4+. The anion 
of the supporting electrolyte increases the rate of the reduction in the order of F- < 
Cl- < Br- < I-, where the supporting electrolyte is 0.1 M Na-X. It is noteworthy 
that they also showed that the effect of concentration and nature of the supporting 
electrolyte at potentials more positive than -1.7 V vs. Ag/AgCl is negligible, 
which was explained as because halide anions being less repelled by the likely 
charged electrode. Moreover, the association constant number of anions decreases 
from fluoride to iodide which eventually leads to a higher reduction rate of nitrate. 
In their second study Katsounaros and Kyriacou investigated the effect of nitrate 
concentration on its electrochemical reduction, again on tin electrodes [110]. They 
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studied the influence of nitrate concentration in the range between 100 and 62000 
mg L-1 (~ 0.001 and 0.7 M) NaNO3 in NaCl solutions under constant potential at 
-2.8 V vs. Ag/AgCl. These authors showed that as the concentration of the nitrate 
increases from about 0.001 to 0.025 M, the product selectivity in favor of nitrogen 
gas increases from 70 to 83% while for higher nitrate concentrations, it remains 
almost constant within the experimental error. Similarly the selectivity to 
ammonia decreased from 25 to 11% as the concentration of nitrate increased from 
0.001 to 0.035 M and remained constant for higher concentrations. However, the 
selectivity to nitrite was not dependent on the concentration of nitrate in the range 
examined. The same authors also showed that there is an inverse relation between 
nitrate concentration and hydrogen evolution. They reported that for a constant 
potential of -2.8 V (vs. Ag/AgCl) hydrogen was not detected in the outgoing gas 
stream from the electrolytic cell for the initial 105 min at 1 M, for 30 min at 0.5 
M, while at 0.1 M the hydrogen evolution started immediately at the beginning of 
the electrolysis. In other words, Katsounaros and Kyriacou believe that in the 
solutions where the concentration of nitrate is high enough, any evolved hydrogen 
is totally consumed for the reduction of the nitrate and/or its intermediates. 
However, when the concentration of nitrate is very low, the produced hydrogen is 
only partially consumed for the reduction of nitrate while the excess is released 
and is detectable in the gaseous stream.  
Reyter et al. [112] investigated the electroreduction of nitrate on copper 
electrodes in alkaline solutions. Their results revealed that the nitrate 
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electroreduction process strongly depends on the applied potential. Firstly, at 
about −0.9 V vs. Hg/HgO, the electroreduction of adsorbed nitrate anions to 
nitrite anions was identified as the rate-determining step of the global nitrate 
electroreduction process. Between −0.9 and −1.1 V, the nitrite was reduced to 
hydroxylamine although during long-term electrolyses, hydroxylamine was not 
detected, presumably because it is rapidly reduced to ammonia. At potentials 
more negative than −1.1 V, nitrite was reduced to ammonia. At about −1.45 V an 
abrupt decrease of the cathodic current was observed, which was explained as 
being due to the electrode poisoning by adsorbed hydrogen since hydrogen 
evolution was observed at more negative potentials. In addition, during the first 
10 to 15 minutes of nitrate electrolysis, a decrease of the copper electrode activity 
was observed at the three investigated potentials (−0.9, −1.1 and −1.4 V). From 
polarization and electrochemical quartz crystal microbalance (EQCM) 
measurements, this deactivation was attributed to the adsorption of nitrate-
reduction products, blocking the electrode surface and slowing down the nitrate 
electroreduction rate. However, it was also demonstrated that the Cu electrode can 
be reactivated by the periodic application of a square wave potential pulse at −0.5 
V, which causes desorption of the poisoning species.  
Bouzek et al. [114] studied the electroreduction of nitrate in weakly alkaline 
solutions on different materials including Cu, Ni, graphite and Pt. The copper 
electrode showed the highest catalytic activity among these materials and nitrate 
reduction using this electrode proceeds through reduction to nitrite as an 
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intermediate product to ammonia as the final product. Nickel, graphite and 
platinum showed a lower catalytic activity. Whereas Ni shows similar behavior to 
Cu in many aspects, the polarization curves for graphite and Pt implied a different 
reduction mechanism and catalytic selectivity.  
In another study on the effect of the cathode, Horanyi and Rizmayer [118] studied 
the reduction of nitrate and nitrite in 1 M NaOH solution at a platinized Pt 
electrode. The reduction rate sharply decreased in the potential range in which 
adsorption of hydrogen was significant. They concluded that the reduction of nitrate 
was initiated by the adsorption of nitrate and was suppressed by the adsorption of 
hydrogen. 
It has been reported that the anode material may also influence the nitrate 
reduction and product selectivity if a single compartment electrochemical cell is 
used. For instance, Li et al. [117] showed that Ti/IrO2-Pt anode, at which by-
products could efficiently be oxidized, played an important role on nitrate 
reduction products, especially in the presence of NaCl. They also showed that 
with an Fe cathode and Ti/IrO2-Pt anode, the nitrate reduction rate was high and 
the selectivity of nitrate to nitrogen gas was 100% in the presence of chloride ion. 
To give another example, it has been reported that using a membrane in the cell 
has improved the conversion efficiency of nitrate to nitrogen gas through 
preventing the oxidation of nitrite to nitrate at the anode [108].  
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Moreover, it has been found that surface chemistry of the cathode plays an 
important role for nitrate reduction as the voltammetric response shows sensitivity 
to the state of the surface. For example, it is generally accepted that the activity of 
copper for nitrate reduction depends on the preparation and treatment of the 
surface, supporting the view that special sites on the surface are important to 
nitrate reduction on copper [108]. 
In general, it must be stressed that the products, rate of reduction and mechanism 
can all depend on a large number of experimental parameters including the 
electrode material, the concentration of nitrate, pH, other deliberately added 
ions/molecules or impurities, electrode potential (or current density), mass 
transfer regime, charge passed and temperature. Therefore, it is very difficult to 
integrate the conclusions and extend them to a fresh set of experimental 
conditions. Hence, only those publications dealing with ZnO electrodeposition in 
pure nitrate-based solutions, free of any other additive with the exception of 
oxygen, are reviewed, hereafter.  
2.1.2. Electrodeposition of ZnO from Pure Nitrate-Based Solutions 
As mentioned earlier, Izaki and Omi [28] reported the electrodeposition of ZnO 
films for the first time from zinc nitrate solution although no attempt was made to 
remove the dissolved oxygen. However, due to using a high concentration of zinc 
nitrate, 0.1 M, these authors could only obtain ZnO columns at -0.7 V vs 
Ag/AgCl/KCl(sat), while at -0.8 V and -0.9 V the morphology changed to ZnO 
31 
plates and at higher potentials no well-defined morphology was obtained. Izaki 
and Omi also illustrated that by increasing the deposition potential from -0.7 V to 
-1.4 V, the deposition rates rose non-linearly from 8x10-4 to 0.16 µm min-1. They 
also showed that the preferential orientation of 2 µm-thick ZnO films was 
changed with deposition potential. They observed that at -0.7 V there was 
preferential orientation along the [0001] direction, but with increasing deposition 
potential the extent of this preferred orientation decreased and was lost for 
potentials higher than -1.0 V. Among their 2 µm-thick ZnO films, the one 
deposited at -1.0 V showed the highest optical transmittance, 72%. The reduction 
in optical transmittance at deposition potentials more negative than -1.0 V was 
attributed to nodular morphology and the existence of cracks or voids in the films.   
Later Izaki and Omi [119] continued their investigations by studying the effect of 
zinc nitrate concentration in the range of 0.01 to 0.5 M. They performed all 
experiments at 62oC and -0.7 vs Ag/AgCl without removing the dissolved oxygen 
and the solution was not stirred. They reported that the deposition rates increased 
with the concentration of zinc nitrate and showed a maximum value of 0.015 µm 
min-1 at 0.1 M and then decreased with further increase in zinc nitrate 
concentration. A comparison of XRD patterns of the samples revealed that the 
sample prepared from 0.05 M solution had the highest intensity along [0001]. 
Moreover, the film prepared from 0.5 M solution showed a pattern identical to 
zinc nitrate hydroxide hydrate Zn5(NO3)2(OH)8. Although Izaki and Omi reported 
the aforementioned variation with zinc nitrate concentration, they did not explain 
32 
these variations nor did they to consider the effect of dissolved oxygen because 
they considered the nitrate ions as the only source of OH- ions. More importantly, 
these authors did not discuss the relation between the morphology and zinc nitrate 
concentration.  
Izaki and Omi continued their investigation yet further by studying the effect of 
current density, in the range of 0.05 to 15 mA cm-2, on the properties of 
electrodeposited ZnO films from 0.1 M zinc nitrate solution without deaeration 
[120]. They reported that the deposition rate of films can be controlled by 
adjusting the cathodic current density; the rate continuously increases with current 
density. FTIR measurements revealed that all deposited films were composed of 
only ZnO without any incorporation of hydroxide or nitrogen containing 
compounds. XRD patterns of the films showed that the preferential orientation 
along [0001] was weakened with increasing current density and it was lost for 
films deposited at 10 mA cm-2 or higher. The surface roughness of the ZnO films 
was observed to decrease with increasing the current density from 0.05 to 10 mA 
cm-2 but no further correlations between the current density and the morphology 
were made. Among 2 µm-thick ZnO films that these authors produced, the one 
deposited at 10 mA cm-2 showed the highest optical transmittance, 72%. 
However, the optical bandgap of these films did not change with current density, 
being 3.3 eV for all samples. In contrast, the resistivity of the films increased with 
current density and this was attributed to a decrease in concentration and mobility 
of carriers.  
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The nucleation density in the electrodeposition of metals and alloys from aqueous 
solutions is strongly dependent on the applied potential [121, 122]. Hence, Izaki 
[61] employed a two-step electrodeposition technique wherein a homogeneous 
film of ZnO particles is deposited at a more negative potential for a very short 
time, then a layer of ZnO is deposited to a desired thickness at a low deposition 
potential. By employing this technique he could improve the transparency and 
conductivity of films compare to those deposited at a single growth potential.     
It was not until 2004 that Yoshida et al. [58] presented the first systematic study 
on electroreduction of nitrate in presence of Zn2+ ions, which was performed at a 
rotating platinum cathode. To eliminate the effects of oxygen reduction, the 
solution was deaerated by bubbling Ar gas. The general scheme for 
electroprecipitation of ZnO thin films from nitrate bath solution was proposed as 
follows. Nitrate ions are electroreduced at the cathode and hydroxide ions are 
generated.  
                                                                                                    2-1 
                             
Zn ions react with hydroxyl ions and the precipitated Zn(OH)2 is spontaneously 
dehydrated and converted into ZnO. 
                                                                                                    2-2 
Therefore, the overall expression of the reaction is 
 
NO3- + H2O + 2e-          NO2- + 2OH-               
E0 = -0.240 V vs. SCE at 25oC 
Zn2+ + 2OH-         Zn(OH)2               ZnO + H2O  
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                                                                                                     2-3 
However, a thorough analysis of the reactions products was not preformed, so it is 
possible that additional products from nitrate reduction were also formed as 
illustrated in Error! Reference source not found.. 
By recording the current versus potential (I-V) curves at various rotation rates in a 
0.1 M Zn(NO3)2 aqueous solution, Yoshida et al. further demonstrated that the 
electrodeposition of ZnO thin films from nitrate-based solutions is limited by the 
slow charge transfer kinetics as the curves are hardly affected by the change of the 
rotation speed. Moreover, they showed that in a 0.2 M aqueous KNO3 solution the 
cathodic current density generated was more than an order of magnitude smaller 
in the absence of Zn2+ ions than in their presence, meaning the efficient reduction 
of nitrate demands the presence of Zn2+ ions. This important fact states that the 
electroreduction of nitrate occurs through Equation 2-3. To study this dependency 
more, they measured I–V curves in mixtures of Zn(NO3)2 and KNO3 with various 
Zn2+ concentrations while fixing that of NO3- at 0.2 M (Fig.  2-1). The results 
reveal that the cathodic current density increases with the concentration of 
Zn2+ions, supporting the accelerating role of Zn2+ in the electroreduction of 
nitrate.  
Zn2+ + NO3- + 2e-               ZnO + NO2- 
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Fig.  2-1: I-V curves measured at a ZnO coated Pt disc rotation electrode (500 rev. min-1) in 
aqueous mixed solutions of Zn(NO3)2  and KNO3 for which the concentration of NO3- was fixed 
to 0.2 M while that of Zn2+ was varied as (a) 0; (b) 0.5; (c) 2; (d) 4; (e) 10; (f) 20; and (g) 100 mM. 
Potential sweep rate = 3 mV s-1. Adapted from Yoshida et al. [58]. 
 
The relation between the concentration of Zn2+ and current density at -1.0 V 
indicates Langmuir type adsorption of Zn2+ on the electrode surface. Hence, 
Yoshida and coworkers suggested that the accelerating effect of Zn2+ ions on 
electroreduction of nitrate is due to their adsorption on the electrodes surface 
improving the electron transfer kinetics [58]. Of course the kinetics of any 
mechanism that involves adsorption will be highly dependent on the nature of the 
electrode’s surface. It should be noted that Zn2+ is not reduced to Zn even at 
potentials [28] or current densities [120] up to -1.4 V or 15 mA cm-2 on soda-lime 
glass coated with conductive tin oxide. 
Katsounaros et al. [109, 110] explained the role of cation of the supporting 
electrolyte on electroreduction of nitrate on a tin cathode in a similar way by the 
theory of “cationic catalysis”. According to this theory the cation attracts the 
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nitrate ion and they form a neural ion pair which is not repelled by the negatively 
charged electrode, enabling the adsorption of nitrate at the outer Helmholtz plane. 
                                                                                                    2-4 
                                                                                                    2-5 
where Kass is the equilibrium constant of the ion association reaction. The rate of 
the reduction is: 
Rate = k [M … NO3]α = k Kassα [M+]α [NO3-]α                            2-6 
where k is the rate constant and α is the reaction order; the rate of the reaction 
depends on the concentration of the ion pair.  
Equation 2-4 shows that by increasing the concentration of cations the 
equilibrium reaction proceeds with the formation of the ion pair. In this case, the 
reduction rate of nitrate is increased according to the equation 2-6.  
The adsorption of nitrate ions at the electrode surface as the first step in 
electroreduction of nitrate has been demonstrated using electrochemical 
impedance spectroscopy (EIS) [113] or suggested by several other researchers 
[111, 118, 123]. Therefore, the nitrate reduction mechanism likely proceeds 
through the following steps: 
  NO3-(aq)  NO3-(ads)                                                              2-7      
M+ + NO3- M … NO3  Products




NO3-(ads) + H2O + 2e- NO2-(ads) + 2OH-                               2-8 
The Le Chatelier's Principle may also explain the accelerating role of the Zn2+. 
According to this principle if a chemical system experiences a change in 
concentration, the reaction shifts to counteract the imposed change. Hence, 
considering either the Equation 2-2 or 2-3, if the concentration Zn2+ increases, the 
consumption rate of NO3- rises, i.e., the reduction of NO3- is increased. In other 
words, the electroreduction of nitrate in presence of Zn2+ is autocatalytic. 
An alternative explanation for the influence of Zn2+ ions on nitrate reduction is 
that Reaction 2-2 counteracts the localized increase in pH caused by the 
generation of OH- ions in Reaction 2-1. Since the standard potentials for Reaction 
2-1 will shift by 60 mV per pH unit its rate is highly dependent on the pH in the 
immediate vicinity of the cathode.  
Otani et al. [36] studied the effect of solution temperature on the electrodeposition 
mechanism of ZnO films from zinc nitrate solutions. These authors measured the 
interfacial pH as a function of deposition time by using a micro-antimony 
electrode combined with an Ag/AgCl electrode and found that this decreases as 
the temperature increases, indicating that at high temperatures more of the 
generated OH- ions are directly consumed by ZnO deposition. Further analyses 
showed that formation of ZnO at temperatures lower than 65oC is very sluggish 
and proceeds through slow intermediate steps such as the formation of hydrated 
zinc hydroxide. However, at temperatures exceeding 65oC, the transformation 
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from intermediate products to ZnO becomes extremely fast so that the oxide can 
be assumed to be directly deposited.  
Lee et al. [124] also showed that the deposition of ZnO at 60 oC proceeds through 
an intermediate step, although these authors suggested Zn(OH)+ as the 
intermediate product. It is noteworthy to mention that Pourbaix diagrams for zinc 
at different temperatures show that the stability range of ZnO starts at a lower pH 
value with increasing temperature; i.e.  ZnO can be deposited at a lower pH value 
as the temperature increases [36].  
As noticed hitherto, most publications that address the growth of ZnO from pure 
nitrate-based solutions are about the deposition of thin films or basic research in 
this field. Moreover, controlling the morphology was not the main aim in any of 
these papers. However, there are a few studies reporting the influence of 
electrochemical parameters on the morphology of deposited ZnO. For instance,  
Cao et al. [48] have reported the change in morphology from a compact film to 
NWs and nanosheets in a solution of 0.05 M Zn(NO3)2 just by increasing the 
current density. In another study by Lee et al. [125] the effect of electrochemical 
parameters including potential, concentration of zinc nitrate, and temperature on 
the growth of ZnO nanopillars on Pt-coated Si substrate were reported. However, 
none of these papers presented a universal growth mechanism that would enable 
one to control the influential experimental parameters in a manner to achieve a 
desired morphology. Moreover, due to lack of such universal growth mechanism 
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integrating the available data about the effect of the influential parameters on the 
morphology of ZnO nanoarrays is difficult because the previous works have been 
conducted under different experimental conditions. 
2.2. Pulsed Electrodeposition  
2.2.1. Introduction 
The preparation of nanostructured materials by electrochemical methods has 
attracted particular attention because these methods allow the variation of the 
crystallite size which in turn influences and controls the physical and chemical 
properties. In fact, the production of “tailor-made” nanomaterials by 
electrochemical procedures is very advantageous because the two crucial steps in 
nanocrystal formation, the nuclei formation and nuclei growth, can be controlled 
by the physical (e.g. current density, current characteristics) and chemical 
parameters (grain refiners, complex formers) [73]. The size and the number of 
nuclei can be controlled by the overpotential as the critical radius of a surface 
nucleus is inversely proportional to overpotential [122]. This relation implies the 
higher the overpotential, the smaller the formed nuclei.  
By applying a high overvoltage, accordingly, a high current density is obtained 
which is responsible for a high nuclei formation rate. This high deposition rate 
can be maintained only for a fraction of a second because the cation concentration 
in the vicinity of the cathode decreases drastically and therefore the process 
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becomes mass transport-controlled [73, 126]. To overcome this problem another 
technique wherein the current or potential is switched off for a very short period is 
introduced and named pulsed electrodeposition (PED). During this off-time (toff) 
the cations diffuse from the bulk electrolyte to the cathode and compensate for 
cation depletion.  
Based on the character of PED, there are several possibilities to control the 
crystallite size [73]: 
1. crystallite size can be decreased by increasing the current density;  
2. for a constant period of ton and current density, the crystallite size 
increases with the period of toff due to Ostwald ripening;  
3. use of organic additives (grain refiners) enables controlling the 
crystallization process during the toff to be controlled because these 
molecules are adsorbed on the electrode surface in a reversible way and 
hinder the surface diffusion of the adatoms;  
4. temperature influences all diffusion processes (ion diffusion in the 
electrolyte, surface diffusion of the nuclei). If small crystallite sizes are 
desired the deposition should be performed at low temperatures. 
The composition of deposition solution, pH-value, hydrodynamic conditions and 
the use of special current shapes (waveforms) are further possibilities to control 
the crystallite size. 
41 
It seems PED has great potential for superior control of deposit properties because 
of the additional control variables available. Whereas in conventional 
electrodeposition (CED) method the current density or voltage represents the only 
independent parameter, in PED technique the period of ton, toff and the current 
density or voltage can be adjusted independently. The subsequent changes in 
charge and mass transfer process influence the morphology and other properties 
of deposit. Hence, the optimization of the operating parameters enables to achieve 
a film with unique properties. However, the optimization of pulsed deposition 
processes is a great challenge because of the complexity created by these 
additional variables. Hereafter, it is discussed how the challenges arise and how 
they should be addressed.  
2.2.2. Challenges in Employing PED 
At any electrode immersed in an electrolyte solution, a specific interfacial region 
is formed. This region is called the double layer. The electrical properties of such 
a layer are important, since they significantly affect the electrochemical 
measurements. In an electrical circuit used to measure the current that flows at a 
particular working electrode, the double layer can be viewed as a capacitor. To 
obtain a desired potential at the working electrode, the double-layer capacitor 
must be first appropriately charged, which means that a capacitive current, not 
related to the reduction or oxidation of the substrates, flows in the electrical 
circuit [127]. In other words, as the process continues, a negatively charged layer 
is formed in the outer surface of the working electrode. When using direct current, 
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this layer is charged to a defined thickness interfering with the ions migrating to 
the surface of the cathode, Fig.  2-2.  
However, in PED the output is periodically turned off causing the double layer to 
start to discharge. This allows easier passage of the ions through the layer and 
onto the surface of the cathode. Moreover, when a high current density or voltage 
is applied, the solution becomes highly depleted of ions in the vicinity of cathode. 
Turning off the output for a very short time, toff, enables ions to migrate to the 
depleted areas so that when the pulse is applied (ton), again more evenly 
distributed ions are available for deposition onto the surface of the cathode [128]. 
For these reasons, it is realized that the effective periods of ton and toff are limited 
by the rate of charging and discharging, respectively, of the electrical double layer 
at the electrode-solution interface. Similarly, the effective current density is 
limited by the concentration and diffusion coefficient of the depositing species 
and the mass transport conditions. Hence, the optimization of pulse parameters is 
a great challenge because of the complexity created by these variables. 
 
Fig.  2-2: The electric double layer (capacitor) formed at the metal surface in water. ْ represents 
cations and ٓ represents anions. Ea is the absolute electric potential [129]. 
43 
2.2.3. Influence of Electrical Double Layer in PED 
To discuss the effective periods of ton and toff in more detail, the case of metal 
deposition by galvanostatic pulses separated by periods of zero current is 
considered (Fig.  2-3 a). Any current density for metal deposition, jF, corresponds 
to a certain overpotential. Therefore, at the beginning of each pulse the cathode 
potential must be raised to the value corresponding to this overpotential. This 
takes time because, as aforementioned, the electric double layer at the interface 
represents a capacitor of molecular dimensions and has a high capacity. 
Therefore, at the beginning of a pulse the total current, ip, supplied by the 
generator is distributed between a capacitive current, ic (which charges the double 
layer), and a Faradaic current, iF (which corresponds to the rate of metal 
deposition).  
ip = ic + iF = it                                                                             2-9   
The charging time (tc) is the time before the cathode potential reaches the value 
corresponding to the pulse current, i.e. until iF becomes equal to the total current 
supplied by the generator (Fig.  2-3 b). If the charging time is longer than the 
duration of the pulse (ton), this potential is never reached and iF remains smaller 
than ip during the whole process (Fig.  2-3 c & d). A similar phenomenon occurs 
after the end of the pulse. The double layer must be discharged and it takes some 
time before the potential drops to the value corresponding to zero current. 
Therefore, it takes some time before iF drops to zero (Fig.  2-3 b). If this time is 
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longer than the period of toff, the double layer is not completely discharged and iF 
never decreases to zero.  
 
Fig.  2-3: Damping of Faradaic current. (a) tc << ton no damping; (b) tc < ton small damping; (c) tc > 
ton strong damping; (d) tc >> ton and td >> toff strong damping [65].  
 
The situation explained above can be qualitatively summarized as follows. If the 
charge and discharge times are negligibly small as compared to the duration of the 
ton and toff, respectively, iF is virtually equal to the total current supplied by the 
generator (Fig.  2-3 a). Otherwise we have the cases of Fig.  2-3 b and c; although 
the total current fed to the cell is a rectangular pulse, the real depositing current is 
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not rectangular and is more or less damped. If the capacitive effect is strong, iF 
only oscillates around an average value and never drops to zero (Fig.  2-3 d) [65, 
130].  
2.2.4. Calculation of charge and discharge  
It is first assumed that the overpotential (η) associated with metal deposition is 
due to charge transfer alone and is linked with the Faradaic current. This implies 
that there is no concentration overpotential, i.e., the concentration of the metallic 
cations at the interface remains virtually the same as in the bulk of the solution 
during the pulse. The total current density, jt, equals to the sum of the capacitive 
current density, jc, and the Faradaic current density, jF: 
jt = jc + jF                                                                                    2-10                                           
Assuming that the only electrochemical reactions occurring are the deposition and 
corrosion of the metal, the Faradaic current density is given by the Butler-Volmer 
equation: 






ቁ൨                                          2-11 
where α is charge transfer coefficient; z is ionic charge; F is Faraday’s constant; η 
is overpotential; R is universal gas constant; T is temperature. The capacitive 
current obeys the following relation. 
ic = dQ/dt = Cdη/dt                                                                2-12 
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On combining equations (2-10) - (2-12) and integrating, the charging time tc and 
the discharging time td as functions of the relevant variables are obtained. The 
calculation has to be performed numerically with a computer. It is assumed that 
ton and toff are long enough to allow a complete charge and discharge of the double 
layer.  
However, as inferred from Fig.  2-3 b, there is the complication where jc drops 
asymptotically to zero at the end of the complete charge or discharge. Therefore 
in principle the time needed to raise the potential of the cathode from the value 
corresponding to jF = 0 to that corresponding to jF = jp is infinite. Similarly the 
time needed for the decrease in the potential from the value at jF = jp to that at jF = 
0 is also strictly infinite. An arbitrary definition is thus necessary. It is assumed 
that jc = jt = jp during the whole charging process. In contrast, tc is defined as the 
time that elapses while jF increases from zero to jF = 0.99 jp (or equivalently while 
jc decreases from jc = jt = jp to jc = 0.01 jp). Similarly td is the time needed for jF to 
decrease from jF = jt = jp to jF = 0.0l jp during the off time. thus, tc is defined as the 
charging time of the double layer until jF = 0.99 jp and accordingly, td is defined as 
the discharge time of the double layer jF = 0.01 jp [65, 130].  
When real values of tc and td are required, one needs to know the real values of C 
and jo. However, for most technical applications one only needs to verify if the 
order of magnitude of tc and td is such that the pulse is not appreciably perturbed. 
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Hence, Puippe et al. [130] have estimated the values of tc and td for a smooth 
surface by the following equations. 
tc = 17/jp                                                                                     2-13 
td = 120/jp                                                                                   2-14 
where tc and td are measured in µs and jp in A cm-2; αzF/RT = 39.59 V-1; C = 50 
µF cm-2. 
It should be noted that the range of variation of C (10 to 100 µF cm-2) is relatively 
large and is the weakest point in the estimation of tc and td. However, if the C of 
the system used is not known and if it is difficult to measure it, a typical value of 
40-50 µF cm-2 can be accepted [130-133]. 
2.2.5. Pulse parameters 
As mentioned earlier, PED has three independent variables: (i) ton; (ii) toff; and 
(iii) peak current density (jp). The following definitions are adopted based on 
these variables [128].  
Frequency = f = 1/ (ton + toff )                                                      2-15  
The duty cycle corresponds to the percentage of total time of a cycle and is given 
by: 
Duty cycle = ton / (ton + toff ) = f . ton                                            2-16           
Average current density= ip . f . ton                                             2-17  
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2.2.5.1. Effect of ton 
In general, the ton should be as long as necessary to charge EDL and as short as 
possible to avoid diffusion control regime. Mass transport plays an important role 
in limiting the deposition rate. The important factor for mass transport in PED is 
pulse limiting current density (jL). The value of jL depends on pulse parameters, 
particularly ton. The longer the ton, the smaller would be the value of jL. The period 
of  ton must be short to stay below jL, but sufficiently long to fully charge the 
double layer [128].  
2.2.5.2. Effect of toff 
The period of toff should be longer than the discharging time of the electrical 
double layer [65, 130]. A sufficiently long toff not only enables recovery of the 
concentration of cations at the deposition interface leading to uniform growth but 
also limits hydrogen evolution [134]. That is if toff is too short the surface cation 
concentration will fall to zero and the current will be used for the next available 
cathodic reaction which in aqueous solution is usually hydrogen evolution.  
The period of toff is also important for the enhancement of additive mass transfer 
[135]. For an electrolyte without an additive, the derivative of potential with time 
during ton is always positive due to the continuous increase in the concentration 
overpotential, while in the presence of an additive, this depends on the latter’s 
specific adsorption kinetics [128]. 
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2.2.5.3. Effect of current density / potential 
The high overpotential associated with the high jp favors a high nucleation rate, 
resulting in the formation of crystallite nuclei in large quantities but of small size 
[65, 126]. Employing high jp during ton reduces the electrode’s resistance and 
hence its average potential is more positive than in conventional galvanostatic 
electrodeposition [128]. However, higher jp during ton results in less uniform 
current distribution irrespective of the pulse waveform [136, 137].  
The current (or potential) pulses can be applied in different waveforms including 
(i) cathodic pulse followed by a period without current; (ii) cathodic pulses 
followed by anodic pulses called pulse reverse current (PRC); (iii) double-pulse 
technique wherein the first pulse is more negative than critical nucleation 
potential enabling nuclei formation and the second pulse is more positive than the 
first one but more negative than the reversible potential allowing growth to 
continue but without further nucleation. There are many other types of pulse 
waveforms as listed by Chandrasekar and Pushpavanam [128] but those are more 
complicated. 
2.2.6. Application of PED in Growing ZnO Nanostructures 
There are only a few papers in the literature that have studied pulsed 
electrodeposition method for growing pure ZnO nanostructures [66-70, 76-78, 
138]. However, there are a few other papers that have employed this method to 
grow doped ZnO or other compounds of ZnO, but controlling the growth of ZnO 
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nanostructures is not the main focus of these additional papers [139-142]. In the 
rest of this section, only those papers specifically studying the effect of pulse 
parameters on the growth of ZnO nanostructures are reviewed.  
2.2.6.1. Pulsed Potential Technique 
Huang et al. [76] deposited ZnO nanoporous films by means of a pulsed potential 
technique at 20◦C on ITO-coated glass substrates from an aqueous solution 
containing 0.1 M Zn(NO3)2. The results indicate that the preferential orientation is 
changed with increasing potential or the total duration of deposition. For example,  
ZnO nanoporous film prepared under -1 V (for 180 min) shows preferential 
orientation along [0002] while the nanoporous films prepared at higher potentials 
(-2 and -4 V) do not exhibit clear preferential orientation. Likewise, the samples 
deposited at -1 V for longer than 180 min exhibited a randomly-distributed 
polycrystal nature. To explain the lack of preferential orientation with increasing 
potential the authors have postulated that at higher growth rate the generation of 
ZnO nuclei becomes randomized. However, no explanation was offered for the 
change in preferential orientation with increasing total deposition time.   
In another study by pulsed-potential electrodeposition, Lee et al [77] compared 
the effect of OH- surface concentration on ZnO deposition by increasing the 
period of ton from 1 s to 5 s. The experiment was performed at 60 oC in a oxygen 
saturated 0.1 M Zn(NO3)2 solution where the deposition potential was -0.72 V (vs 
SCE) and a potential of +0.3 V (vs SCE) was applied during the toff (5 s). They 
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observed no ZnO crystals when the ton was 1 s. In contrast, distinct ZnO crystals 
formed with the longer cathodic time, 5 s. As a result, they have suggested that 
the nucleation of ZnO strongly depends on ton as it has a direct relation with the 
generated amount of OH- generated and when the surface pH reaches a critical 
value, nucleation of ZnO particles begins. 
Like aforementioned studies, Klochko et al. [68] have made use of the pulsed 
potential method to study the effect of increasing the pulse frequency (2, 20, 200 
Hz) on the optical and structural properties of ZnO nanorods. They grew ZnO 
nanorods in a solution of 0.05 M Zn(NO3)2 + 0.1 M NaNO3 at 70 oC. They have 
reported an inverse correlation between frequency and transmittance, band gap 
and texture coefficient but direct correlation between frequency and the diameter 
of nanorods. As to diameter, the authors explained that with increasing frequency 
the capacitive effects of the double layer increase which leads to a decrease in the 
actual applied potential and accordingly the diameter increases.   
Rudolph et al [138] used the benefits of pulsed potential electrodeposition to 
suppress the N2 gas formation by removing the main nitrate reduction product, 
NO2-, from the electrode surface during the toff leading to a more homogenous 
formation of porous ZnO on Ag-coated polyamide filaments. 
Inamdar et al. [69] employed a “double pulse electrodeposition” method to grow 
ZnO thin film in an oxygen saturated solution of 0.05 M Zn(CH3COO)2 + 0.1 M 
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KCl. To increase the thickness of the films to 450 nm, they applied a series of 10 
pulses. They showed that the mean particle size of the deposit can be controlled 
by controlling the pulse parameters. As the nucleation pulse potential exceeds the 
critical potential, the particle radius decreases. The more negative the nucleation 
pulse potential, the narrower the particle distribution observed. Also they studied 
the effect of growth pulse potential on particle size of zinc oxide thin films in the 
range −600 mV to −750 mV. As the growth pulse potential decreases, the radius 
of the particle decreases. Although they reported and attributed the widening of 
the band gap due to the reduction in particle size with change in nucleation and 
growth pulse potentials, they have ignored any explanation for the observed 
changes in particle size.  
2.2.6.2. Pulsed Current Technique 
In an effort to employ pulsed-current electrodeposition, Tolosa et al. [70] have 
reported the deposition of ZnO nanocolumns at 70 oC in an oxygenated solution 
of 5x10-3 M ZnCl2 + 0.1 M KCl. The average diameter of nancolumns was 322 
nm. These authors showed an improvement in transmission of the nanocolumns 
compare to those samples deposited by a conventional galvanostatic method at the 
same current, -4 mA.  
In another study by pulsed-current electrodeposition, Nomura et al. [66, 67] 
demonstrated a change in preferential orientation of ZnO samples. The samples 
were prepared from a solution of 0.1 M Zn(NO3)2 at 65oC. They found that the 
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ZnO thin films prepared by changing the ton at a fixed pulse period (ton + toff) and 
cathodic average current density do not show any clear orientation change. 
However, the preferential orientation of samples is changed by increasing either 
the average current density or the period of toff. It should be noted that to obtain 
the change in preferential orientation, they applied very high average current 
densities (-0.1, -1.0, -10 mA cm-2) and/or very long toff (compare to the period of 
ton, in the ratios of 999, 99 and 9 to 1). The authors ascribed the change in 
orientation mainly to the change of the overvoltage, and losing the preferred 
orientation was ascribed to “random generation of the nuclei of ZnO”. 
Finally very recently, Dunkel et al. [78] have reported the use of a pulsed-current 
technique to deposit ZnO films from a solution of 5x10-3 M ZnCl2 + 0.1 M KCl, 
saturated with oxygen, onto ITO. In spite of trying different pre-treatments for 
substrate and different ratios between toff and ton, they were unsuccessful in their 
attempts to get full film coverage. Although they have given some explanation for 
this, it seems the wrong choice of the pulse parameters and other experimental 
conditions have been the main reason. For example, the period of toff was much 
shorter than ton in different studied series while it should be longer. In other series, 
they employed much longer toff (10 to 20 times), but again they could not obtain 
films with full coverage. Although the authors have attributed this non-uniformity 
to Ostwald ripening and dissolution / re-deposition mechanism, insufficient 
oxygen bubbling looks more likely.    
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3. Chapter 3: Experiments 
3.1. Preparation of Substrates 
The substrates were cut from commercial conducting glass/SnO2:F (FTO glass - 
15 Ω/square, TEC15, Hartford Glass), covered by a ZnO seed layer deposited by 
spray pyrolysis at 350 oC. For each working electrode a geometric surface of 
between 2 cm2 and 2.4 cm2 was masked off before electrodeposition experiments. 
Before spraying the ZnO seed layer, the substrates were cleaned as follows. First, 
the substrates were washed with commercial soap in hot water (~ 60 °C), then 
rinsed with ultrapure water and dried. Second, the substrates were soaked for 15 
minutes at 40-60 °C in an ultrasonic bath in two different solvents: acetone and 
ethanol. After each step, the substrates were rinsed with ultrapure water. Finally, 
the substrates were dried with Ar or N2 flow and stored in plastic boxes to avoid 
possible contamination prior to use for the next step which is the deposition of 
ZnO layer by spray pyrolysis. The spray pyrolysis was carried out based on the 
procedure described by Elias et al. [53].  
The spray solution was prepared by mixing with stirring:  
i) 60 ml of ethanol (C2H5OH)  
ii) 20 ml ultrapure water  
iii) 1 ml of acetic acid (CH3COOH)  
iv) 1.778 g of di-hydrated zinc acetate (Zn(C2H3O2).2H2O) 
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To ensure that zinc acetate has been fully dissolved the solution was subjected to 
ultrasound for 10 min after stirring. 
Before spraying the substrate was heated to 350 °C for 20 – 30 min to ensure a 
uniform temperature over the substrate. For spray generation either compressed 
air or nitrogen was used. In order to get a reproducible film, the air or nitrogen 
pressure and also the distance between spray source and substrate, around 30 cm, 
should be kept similar as they influence the film properties. The spraying process 
alternated between 2s spraying and 8s resting. A film of 30-50 nm in thickness is 
obtained by 20-25 spraying cycles, such a film reflects red color under the 
fumehood’s light, due to interference affects. Then the films were annealed for 1 
h at 450 ºC in air to ensure complete thermal decomposition of zinc acetate. The 
heating ramp was 10 ºC min-1 while the cooling was occurring naturally. 
3.2. Electrodeposition of 1-dimensional ZnO Structures 
3.2.1. Preparation of Electrodeposition Solution 
In all experiments, the electrolyte was an aqueous solution of Zn(NO3)2 (Sigma 
Aldrich, purity> 98%) and NaNO3 (Sigma Aldrich, ACS reagent or ReagentPlus® 
≥99%) that was continuously bubbled with N2 to remove the dissolved oxygen 
and carbon dioxide from the solution. Ultrapure water was prepared by a 
Millipore setup (Elix 5 UV). The resistivity of the water was ≥10 MΩ.cm 
otherwise it led to non-uniform film coverage.  
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3.1.1.1. Experimental Setup and Deposition Parameters 
The ZnO nanowires (NWs) were electrodeposited in a three electrode system in 
which a Pt spiral wire, saturated calomel electrode (SCE) and prepared substrate 
served as counter electrode, reference electrode and working electrode, 
respectively. All potentials quoted in this thesis are versus the SCE (0.241 V vs. 
SHE) system except those in Chapter 5, pulse electrodeposition, wherein 
Ag\AgCl 3M NaCl (0.209 V vs. SHE) was used due to better stability of Ag\AgCl 
at 80 oC. Both conventional electrodeposition and pulse-current electrodeposition 
experiments were carried out by using a Gamry potentiostat (Series G 300).  
All experiments in Chapter 4 were carried out at 80 oC under either constant 
voltage (-1.0 V vs. SCE) or constant current density (-0.25 mA cm-2). The applied 
charge density was fixed at 2 C cm-2 for the former case while it was increased 
from 2 C cm-2 to 10 C cm-2, in 2 C cm-2 increments, for the latter case.  
All experiments in Chapter 5 were carried out under pulsed-current 
electrodeposition (PCED) and the pulse wave was a rectangular shape. The 
applied current was set to -1.1 mA cm-2; during the toff, the current was set to zero. 
The applied charge density and temperature were fixed at 2 C cm-2 and at 80 oC, 
respectively, unless otherwise stated. To avoid approaching dc conditions and to 
take full advantage of employing a pulsed current, the order of magnitudes of ton 
and toff were estimated based on Eqs. 2-5 and 2-6. The minimum value of tc and td 
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were 0.015 s and 0.109 s, respectively, when ip was equal to 1.1 mA cm-2. 
Accordingly, reasonable ranges for both ton and toff were determined as follows:  
¾ ton was varied either between 0.05 s and 0.2 s or 2.5 s and 10 s when toff 
was fixed at 0.2 s and 10 s, respectively;  
¾ toff was varied either between 0.15 s and 0.25 s or 5 s and 12.5 s when ton 
was fixed at 0.1 s and 5 s, respectively.  
In order to make a comparison between short and long pulse conditions, i.e., to 
study the effect of prolonging the periods of both ton and toff, these periods were 
changed in a manner that the duty cycles (Eq. 2-16) of both short and long pulse 
conditions were the same. For example, the duty cycle for ton = 0.05 s with toff = 
0.2 s is same as for ton = 2.5 s with toff = 10 s and equals 20%. 
3.2. Cyclic Voltammetry 
Cyclic voltammetry (CV) experiments for conventional electrodeposition of ZnO 
were performed at 80 oC directly on FTO coated glass. Three scans for each 
sample were carried out from the open-circuit potential with a negative sweep to 
-1.6 V vs. SCE and then a positive sweep to +0.5 V vs. SCE. Scan rate was 10 
mV s-1. The CV experiments were carried out by VMP3 BioLogic-Science 
Multichannel Workstation. 
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3.3. Electrodeposition of Hierarchical Structures 
Electrodeposition of hierarchical micro/nano-structures comprised four steps: i) 
spray pyrolysis of ZnO seed layer; ii) electrodeposition of primary ZnO NWs 
from aqueous solution; iii) deposition of a ZnO seed layer on the primary NWs; 
iv) electrodepoition of secondary NWs from aqueous solution. 
3.3.1. Preparation of Solutions 
The electrolyte for the electrodeposition of both the primary and secondary NWs 
was an aqueous solution of ZnCl2 (Sigma Aldrich, ACS Reagent - 98%) and KCl 
(Sigma Aldrich, Puriss p.a. ≥99.5%) saturated with oxygen 15 minutes before and 
during the experiment.  
The solution for most of the seed layers deposited to be on top of the primary 
NWs consisted of ZnO Nanoparticles (NPs) prepared as follows: First solutions A 
and B were prepared at 60 oC.  
Solution A: 0.01 M ZnAc.2H2O (Fluka, Puriss p.a. ≥99.5%) in Methanol 
(Scharlau, Synthesis grade). 
Solution B: 0.03 M KOH (Scharlau, Reagent grade ACS) in Methanol. 
Then to prepare 100 ml of ZnO Nanoparticle solution, 34.2 mL of solution B was 
added drop by drop into 65.8 mL of solution A while being stirred vigorously, 
followed by further stirring for 2 hr at 60 oC.  
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Some of the seed layers were electrodeposited from the ionic liquid N-butyl-N-
methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) (purity 
99.9%, H2O <0.005%). Zinc (II) bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2) 
was used as a Zn2+ source and N-butyl-N-methylpyrrolidinium chloride 
(PYR14Cl) as a precursor for N-butyl-N-methylpyrrolidinium nitrate (PYR14NO3) 
synthesis, which was used as a NO3- source. The Zn(TFSI)2 and (PYR14NO3) were 
chosen to avoid any possible anion exchange with the PYR14TFSI and the 
consequent formation of spurious species. The oxygen based ionic liquid 
electrolyte was continuously saturated with oxygen (Praxair, 99.999%, H2O < 2 
ppmv) during the electrodeposition process. The (PYR14TFSI) and (Zn(TFSI)2 
were kindly provided by SOLVIONIC SA. Note that the ionic liquid electrolytes 
were prepared by my colleague, Eneko Azaceta, [143, 144]. 
3.3.2. Electrodeposition of Primary and Secondary NWs 
Electrodeposition of primary and secondary NWs was performed in 5x10-4 M 
ZnCl2 + 0.1 M KCl saturated with oxygen at a constant potentials of -1.0 V vs. 
SCE at 70 oC. The charge passed to deposit the primary and secondary NWs were 
10 C cm-2 and 5 C cm-2, respectively. 
3.3.3. ZnO Coating of Primary NWs 
Four techniques were investigated for the deposition of the ZnO seed layer on to 
the primary NWs. 
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3.3.3.1. Dipping  
The primary NWs were dipped in the ZnO NPs solution for times between 30 s to 
1 min followed by drying for 5 min in an oven at 150 oC. The number of dip 
cycles varied from 1 to 3. 
3.3.3.2. Spray Pyrolysis 
First the primary NWs were heated at 350 °C for 20 – 30 min to ensure a uniform 
temperature over the substrate. Then, the spraying of ZnO NPs solution alternated 
between 5 s spraying and 5 s resting for 10-20 cycles. Subsequently the samples 
were left to cool naturally.  
3.3.3.3. Spin Coating 
First a few drops of ZnO NPs solution were placed on the substrate with primary 
NWs followed by rotation at 500 to 2000 rpm for a period of 30 s. Each cycle 
consisted of applying the ZnO NPs and annealing at 150 oC for 5 min. The effect 
of the number of cycles, from 1 to 10, was studied. 
3.3.3.4. Electrodeposition  of  seed  layer  from  Ionic  Liquid   
Electrolyte 
The experiments were performed in a three-electrode electrochemical cell with 
the primary NWs as the working electrode, a zinc sheet as the counter electrode 
and a Pt wire as the pseudo-reference electrode. The potential of the pseudo-
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reference electrode was checked by using a solution of ferrocene in PYR14TFSI. 
Hence, all potentials are reported versus Fc/Fc+. The electrolyte was saturated 
with oxygen and electrodeposition was carried out potentiostatically at -1.6 V and 
a temperature between 100 and 150 oC with the influence of charge density 
investigated between 0.2 and 0.5 C cm-2. Note that that the electrodeposition from 
ionic liquid was performed by my colleague, Eneko Azaceta [143], but the 
subsequent electrodeposition of secondary NWs from aqueous solutions was 
performed by myself.  
3.4. Characterization Techniques 
The morphology of NWs was analyzed with a field emission scanning electron 
microscope (JEOL-JSM-7000F and Zeiss-Supra 40). Further structure analysis of 
individual NWs was carried out using a JEOL-JEM 2010F field emission 
transmission electron microscopy (FE-TEM) with selected area electron 
diffraction (SAED) analysis. To prepare TEM samples, the NWs were scraped 
from representative samples onto copper grids. X-ray diffraction (XRD) patterns 
of the films were recorded by a powder X-ray diffractometer (Bruker D8 
Advance). X-ray photoelectron spectroscopy (XPS) (Kratos – AXIS Ultra DLD) 
analysis using monochronized Al Kα (1486.6 eV) was performed to assess the 
chemical state and surface composition of the deposits. Optical properties were 
measured at room temperature with a UV-VIS-NIR Spectrophotometer (UV-3600 
Schimadzu) fitted with an integrating sphere. 
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3.6.1.  Measuring the Dimensions of NWs  
The diameters and heights of all NWs have been measured at 45000 X using the 
measuring tool in “Adobe Acrobat Professional” software. To perform an 
accurate measurement, the following steps were followed. By this method the 
accuracy of measuring the diameter of NWs is only dependant on defining the 
both ends of the diameter and the error range would be less than 5 nm.   
1- Zooming in on the scale bar of the SEM image to 400% to precisely 
determine the beginning and end points of the scale bar. 
2- Introducing the scale bar to the measuring tool of the software. 
3- Zooming out the SEM image to 150% - 200% 
4- Measuring the diameters of 20 to 40 NWs by ruler of the measuring tool. 
5- Exporting all measurements to Excel and then averaging the diameters. 
6- Reporting the average of measurements as the average diameter of that 
sample. 
 
3.6.1.  Determining the Optical Gap  
First, the total transmittance and reflectance are measured separately by using the 
integrating sphere. Then absorptance is calculated, A=1-R-T. The absorption 
onset, i.e., optical gap is associated with the wavelength where the first derivative 
(dA/dλ) has a maximum value. [Energy conservation yields, at each wavelength, 
that T(λ) + R(λ) + A(λ) = 1]. The accuracy of measurements depends on the 
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defined steps in sweeping the wavelength. The smaller is the wavelength 
increment, the more accurate is the determination of the wavelength at which the 












4. Chapter 4: Electrodeposition of ZnO from Pure 
Nitrate-Based Solutions 
4.1. Cyclic Voltammetry 
Fig.  4-1 shows the I-V curves for FTO-coated glass in 0.1 M NaNO3 aqueous 
solution at 80 ºC, without any additional species and also with addition of 0.5 mM 
of different zinc salts (Zn(NO3)2 and ZnCl2). No significant current is detected 
between the applied potential range from 0 to -0.75 V, indicating no 
electrochemical reaction. However, gradually increasing cathodic current is 
detected for potentials more negative than -0.75 V, especially for solutions 
containing Zn(NO3) and to a lesser extent with ZnCl2 (inset of Fig.  4-1).  
 
Fig.  4-1: I-V curves of 0.1 M NaNO3 aqueous solutions ( ), containing 5x10-4 M ZnCl2 ( ) or 
5x10-4 M Zn(NO3)2 ( ) on FTO-coated glass. The inset shows a partial close-up view of the 




The relatively lower current density detected for the  solutions containing ZnCl2 
cannot be explained by the differences in the total NO3- concentration as this is 
only 0.1%, instead it may be due to the presence of Cl- ions that are strongly 
adsorbing and have been reported to retard the reduction of NO3- [108, 145]. 
Irrespective of the anion (NO3-, Cl-) of the zinc salt, the comparison with the Zn2+ 
free solution points out that the presence of Zn2+ ions enhances the reduction of 
NO3-. Yoshida et al.[58] reported the same effect with increasing concentration of 
Zn2+ ion in a solution of Zn(NO3)2 and KNO3 and claimed a catalytic role of Zn2+.  
However, we propose the reaction between Zn2+ and the OH- (produced from the 
NO3- reduction (Reaction 4-1) and the consequent displacement of the equilibrium 
of the NO3- reduction reaction as the main cause of the enhancement in nitrate 
reduction. In contrast to a classical catalyst effect, Zn2+ seems thus to participate 
in the involved reactions (reaction 4-2). 
         NO3- + H2O + 2e- NO2- + 2OH-                                   4-1                             
         Zn2+ + 2 OH-  Zn(OH)2  ZnO + H2O                     4-2 
From the quantitative point of view, the well known Nernst equation implies that 
the reduction potential for the half-cell in Reaction 4-1 has a pH dependency of 
0.07 V/pH unit at 80 oC, such that for any given potential its rate of reaction will 
decline as the pH increases. Since reaction 4-1 causes an increase in the local pH 
at the cathode, it is to some extent self-limiting. However, because reaction 4-2 
leads to a decrease in a local pH at the cathode its presence allows reaction 4-1 to 
proceed at a higher rate. The change in slope of the curve from -1 V to -1.3 V 
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indicates that the nitrate reduction proceeds through successive steps, probably 
reduction of nitrite or reduction of either nitrate or nitrite through multiple 
electron reactions [110, 113, 146].  
From -1.3 V down to -1.6 V, the current density increases with a steep slope. The 
reduction of either nitrate or nitrite needs only two electrons in the first step. From 
such a steep slope it is inferred that another reaction is involved as it is unlikely 
that all electrical charges are being consumed by these reactions especially when 
their concentrations have already decreased. It has been reported that hydrogen 
evolution is usually observed to occur at potentials where reduction of nitrate can 
also occur [108]. Likewise, the formation of N2 gas through nitrite reduction has 
also been reported [115, 116]. To actually determine the intermediate steps and 
gaseous products would need a more detailed study by employing different 
additional techniques such as electrochemical impedance spectroscopy, local pH 
measurements, ion chromatography and/or gas chromatography. Additionally, it 
is worth mentioning that no anodic current was detected during the return positive 
sweep even at high Zn(NO3)2 concentrations (e.g. 5x10-2 M) which suggests that 
at no time were Zn2+ ions reduced to metallic zinc (Fig.  4-2). That is if metallic 
zinc had been formed its subsequent oxidation during the positive sweep should 
have been detected as an anodic current. Thus it is believed that Zn2+ ion 
consumption occurs almost exclusively via Reaction 4-2. 
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Fig.  4-2: The I-V curve for reduction of 0.1 M NaNO3 on FTO-coated glass in presence of 5x10-2 
M Zn(NO3)2. 
 
The absence of metallic zinc deposition in the nitrate containing electrolytes is a 
significant difference compare to those based on the oxygen reduction generally 
used for the electrodeposition of ZnO NW arrays [147] and contributes to a larger 
versatility in the potential window to deposit ZnO. The difference in the two 
systems is likely to be due to the fact that dissolved oxygen concentrations are 
limited to ≤ 1 x10-3 M (32 ppm). This represents a limit that Reaction 4-2 can 
consume Zn2+ ions in this system without applying a sufficiently negative 
potential at which either hydrogen evolution or zinc metal deposition (or both) 
occurs. Whereas in the case of solutions containing both NaNO3 and Zn(NO3)2, 
due to the high solubility of the former, the NO3- concentration can be chosen far 
in excess of the Zn2+ concentration. 
For deposition of ZnO, the pH at the cathode interface has to rise [36]. It has been 
shown that all the reduction reactions of nitrate in unbuffered media leads to an 
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increase in the pH at the cathode surface and the local pH can increase from 7 to > 
12 [108]. Moreover, as demonstrated above the presence of Zn2+ activates the 
NO3- reduction. Hence, although the controlled reduction of NO3- in aqueous 
solutions is a highly challenging task [108, 148], the reduction of NO3- in Zn2+ 
containing electrolytes seems an attractive route for electrodeposition of ZnO 
nanostructures. 
Although the NO3- reduction may proceed through successive steps, a rather 
simplistic reaction mechanism (without including intermediate steps and uncertain 
additional pathways in the NO3- reduction) is proposed in the following to 
describe the ZnO NW growth mechanism, which is the main goal of this work. 
Firstly, the nitrate ions adsorb to the cathode and are reduced to nitrite ions 
generating OH- ions (Reaction 4-1). Secondly, the released OH- ions react with 
Zn2+ ions to form Zn(OH)2 on the cathode electrode, but as this is not stable at the 
solution temperature and bulk pH, it is dehydrated to ZnO (Reaction 4-2) [36, 37]. 
Therefore, the overall reaction is: 
Zn2+ + NO3- + 2e-  ZnO + NO2-                        4-3                                                      
The ZnO formation is an electrochemically induced precipitation process rather 
than a simple Faradaic process to convert soluble species into solids [149]. 
However, it must be emphasized that the rate of reduction, deposition rate, and 




Fig.  4-3 shows representative SEM micrographs of ZnO NWs deposited at 80 oC 
in 0.1 M NaNO3 with a constant cathodic current density of 0.25 mA cm-2 to a 
charge of 2 C cm-2 as a function of Zn(NO3)2 concentration in the range from 
5x10-5 M to 5x10-3 M.  
 
Fig.  4-3: Top-view (a, b and c) and cross-section (d) SEM micrographs of ZnO nanowires 
electrodeposited using different Zn(NO3)2: a) 5x10-5 M; b) 5x10-4 M; c) 5x10-3 M and d) 1x10-4 M. 
The other deposition parameters were kept constant (q = 2 C cm-2, j = -0.25 mA cm-2, [NaNO3] = 
0.1 M, and T= 80 oC).  
 
Generally, it can be seen that the NWs are well-aligned and perpendicular to the 
substrate. From the top-view images, an increase of average diameter as a 
function of Zn(NO3)2 concentration from about 68 nm to 130 nm is deduced. 
Although the increase of [Zn(NO3)2] might slightly affect the nucleation, this is 
mainly determined by the ZnO buffer layer microstructural properties [53]. Since 
in the present case the ZnO buffer layer was the same for all NW arrays 
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deposited, no strong differences in the nucleation step are expected. Thus the 
increase in diameter as a function of Zn2+ concentration is mainly due to 
differences in the NW growth rates. Although the increase of [Zn(NO3)2] may 
enhance the OH- production (Fig.  4-1), concurrently it also increases the local 
concentration of Zn2+ on the cathode. A higher local concentration of Zn2+ on the 
lateral faces of the ZnO NWs causes both lateral growth and a rise in deposition 
efficiency. At high local OH- to Zn2+ ratios (i.e. in the immediate vicinity of the 
substrate), the majority of Zn2+ ions are consumed as soon as they approach the 
NW tip, suspending lateral growth and resulting in relatively low deposition 
efficiencies. Conversely, at low OH- to Zn2+ ratios, Zn2+ ions are able to diffuse 
along the NWs, allowing their lateral growth and increasing the deposition 
efficiency.  
To gain further insight into the deposition mechanism, the mass of ZnO NW 
arrays was estimated by weighing the samples before and after their 
electrodeposition. Fig.  4-4 summarizes the effect of Zn2+ concentration on the 
average diameter of NWs and array mass. The latter gradually increases until the 
Zn2+ concentration reaches 1x10-3 M wherein the columbic efficiency is 42%, 
after which it maintains a plateau. This indicates that the ZnO deposition rate has 
become limited by the OH- generation rate, rather than the availability of Zn2+ 
ions, which are now distributed over whole NW surface. The correlation between 
the NW diameter and sample mass supports the hypothesis that the ratio between 
the local concentrations of OH- and Zn2+ is a crucial parameter. 
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Fig.  4-4: Mean value of the NW diameter (left axis) and normalized (with respect to the sample 
surface) mass of the NW array (right axis) as a function of the Zn(NO3)2 concentration. The other 
deposition parameters were kept constant (q = 2 C cm-2, j = -0.25 mAcm-2, [NaNO3] = 0.1 M and  
T = 80 oC).  
 
Taking advantage of the large versatility of the ZnO electrodeposition from NO3- 
reduction, different strategies to affect OH- generation rate (i.e. the OH- local 
concentration close to the substrate) were explored. Firstly, the current density 
was varied, keeping the NO3- concentration constant. Fig.  4-5 shows the effect of 
increasing current density at constant nitrate and Zn2+ concentrations (0.1 M 
NaNO3 + 0.5 mM Zn(NO3)2). It can be seen that both the average diameter size 
and mass variation decrease with increasing nitrate concentration; i.e., increasing 
OH- generation rate. Increasing the OH- generation rate induces a smaller average 
diameter because the majority of Zn2+ ions diffusing to the cathode react with the 
OH- ions adsorbed on the tips of NWs where they are more accessible. Hence, the 
lateral growth is discouraged or slowed down, inducing a decrease in the 
deposition efficiency (i.e. NW array mass).  
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Fig.  4-5: Mean value of the NW diameter and normalized (with respect to the sample surface) 
mass of the NW array as a function of the current density applied in the electrodeposition. The 
other deposition parameters were kept constant (q = 2 C cm-2, [NaNO3] = 0.1 M, [Zn(NO3)2] = 5 
x10-4 M  and T = 80 oC).  
 
Secondly, the voltage was held constant and the NO3- concentration was varied to 
affect the OH- generation rate. From Fig.  4-6 it can be seen that the observed 
trends for the NW diameter and NW array mass as functions of OH- generation 
rate were similar to those from the first approach (i.e. varying the current density 
by keeping constant NO3- concentration).  
 
Fig.  4-6: Mean value of the NW diameter and normalized (with respect to the sample surface) 
mass of the NW array as a function of the Na(NO3)2 concentration. The other deposition 
parameters were kept constant (q= 2C cm-2, V = -1.0 V and T= 80 oC). 
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The similarity between the two approaches is not surprising since at a constant 
potential the current density increases with NO3- concentration. Present 
observations show good agreement with the previously reported behavior using 
O2 [16], indicating the general effect of OH- on ZnO electrodeposition, 
irrespectively of the precursor. 
So far the effects of three deposition parameters (i.e. current density, Zn(NO3)2 
and NaNO3 concentrations) on the NW growth mechanism have been studied 
separately. It is even more interesting to study the combined effect of these 
parameters together on the NW growth mechanism. Fig.  4-7 displays the NW 
arrays mass as of function of Zn(NO3)2 concentration for two different OH- 
generation rates. From this figure it can be inferred that the ratio between the OH- 
generation rate and Zn2+ diffusion is the main parameter controlling the growth 
mechanism of ZnO NWs from nitrate-based solutions. When the OH- generation 
rate is slow (low NaNO3 concentration and/or low current density), a plateau is 
observed in the dependency of the mass variation on Zn(NO3)2 concentration; i.e., 
the process is no longer controlled by the Zn2+ diffusion. This implies that under 
such conditions the deposition efficiency reaches a maximum determined by the 
OH- generation rate (i.e. by the [NaNO3] and/or current density). However, when 
the OH- generation rate is very high (high NaNO3 concentration and/or high 
current density) no plateau is observed in the mass variation; i.e., the growth is 
limited by Zn2+ diffusion over the whole range of Zn(NO3)2 concentrations 
investigated. This finding is significant since it provides a novel solution to the 
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problem of how to achieve higher deposition efficiencies while controlling the 
diameter of NWs.  
 
Fig.  4-7: Normalized (with respect to the sample surface) mass of the NW array as a function a 
function of the Zn(NO3)2 concentration for two combinations of [NaNO3] and current density (0.1 
M and – 0.25 mA cm-2: empty circles and 1 M and – 1.1 mA cm-2: filled squares). The other 
deposition parameters were kept constant (q = 2 C cm-2 and T = 80 oC).  
 
For example, under the low OH- generation rate conditions, a diameter of ∼ 68 nm 
was achieved at 5x10-5 M Zn(NO3)2  while a similar diameter (∼ 67 nm) was 
attained at 1x10-3 M Zn(NO3)2 under high OH- generation rate conditions, Fig. 
 4-8. Meanwhile, in the latter case the NW array mass was about 3 times greater  
(∼ 0.09  vs ∼ 0.03 mg/cm2) and a higher density of NWs was observed due to the 
higher current density and higher NaNO3 concentration.  
The other significant finding that can be drawn from Fig.  4-7 is that there are two 
regimes for the ZnO growth mechanism; the process is controlled either by Zn2+ 
diffusion or the OH- generation rate. 
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Fig.  4-8: Top-view SEM micrographs of ZnO NWs electrodeposited under different conditions  a) 
5x10-5 M Zn(NO3)2 + 0.1 M NaNO3 at j= -0.25 mA cm-2; b) 1x10-3 M Zn(NO3)2 +  
1 M NaNO3 at j= -1.1 mA cm-2. 
 
Fig.  4-9 illustrates a schematic view of the proposed mechanism. To summarize, 
this mechanism suggests that the NW growth takes place only along the 
longitudinal axis when Zn2+ diffusion is significantly slower than the OH- 
generation rate (Fig.  4-9.a.) and the NW growth occurs along the two axis 
(longitudinal and transversal) when the OH- generation rate and Zn2+ diffusion are 
in the same order (Fig.  4-9.b.). To validate this theory, the applied charged (i.e. 
deposition time) was increased for both regimes to determine whether the 
variation of the NW dimensions with deposition time is still consistent.  
 
Fig.  4-9: Schematic view of growth mechanism of ZnO NWs by electrodeposition from nitrate-
based solutions. a) The Zn2+ diffusion is significantly slower than OH- generation rate, b) the OH- 
generation rate and Zn2+ diffusion are in the same order. 
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Fig.  4-10 summarizes the change in diameter of NWs under both regimes. As 
seen, the lateral growth under Zn2+ diffusion limitation is very slow while an 
augmentation occurs under conditions where the Zn2+ diffusion rate is no longer 
dominant. 
 
Fig.  4-10: Mean value of the NW diameter as a function of the applied charge density during the 
electrodeposition for the two different growth regimes, i.e. Zn(NO3)2 concentrations (1x10-3 M: 
empty circles and 1x10-4 M: filled squares). The other deposition parameters were kept constant 
([NaNO3] = 0.1 M, j = - 0.25 mA cm-2).  
 
Fig.  4-11 shows cross-section images of ZnO NWs after applying 2 C cm-2 or 6 C 
cm-2 for both regimes. These cross-section images prove that under Zn2+ diffusion 
limitation conditions the average diameter size does not change substantially and 
longitudinal growth is favored, while under OH- generation limitation the lateral 
growth is favored and diameter augmentation occurs. Thus, an effective strategy 
to obtain ZnO NW arrays of large aspect ratio (e.g. ∼ 450 in Fig.  4-11.d) is 
presented here. Very importantly, the deposition rate can be significantly higher 
(i.e. > 2 µm per hour by using [NaNO3] = 1 M and j = -1.1 mA cm-2) than those 
attained from the O2 reduction based route (∼ 0.3 µm per hour [41]), but still 
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avoid the lateral growth of the NWs. The latter is a significant added value with 
respect to other techniques such as chemical bath deposition, in which the lateral 
growth and the consequent problem of NW coalescence generally occurs even 
when using adsorbates [79]. The present results show that well designed ZnO NW 
array electrodeposition experiments from nitrate based solutions can result in 
growth rates comparable to other solution technique, but with higher control on 
the NW dimensions. 
 
Fig.  4-11: SEM micrographs of the NW arrays electrodeposited under the two different growth 
regimes i.e. different Zn(NO3)2 concentrations (a, b: 1x10-3 M, c, d: 1x10-4 M) applying charge 
densities of 2 (a and c) or 6 C cm-2 (b and d). The other deposition parameters were kept constant 
([NaNO3] = 0.1 M, j = - 0.25 mA cm-2). In a and b NW growth is limited by the OH- generation 
rate but by Zn2+ diffusion in c and d. The top-view micrographs of each sample are also show as 
insets.  
4.3. Chemical composition  
The chemical composition of the NW surface was analyzed by XPS. A 
representative survey spectrum is shown in Fig.  4-12, showing only significant 
features for O, C and Zn.  
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 Fig.  4-12: A representative XPS survey spectra corresponding to ZnO NWs. Only Zn, O and 
adventitious C were detected. 
 
 
Fig.  4-13: A representative XPS survey spectra corresponding to N 1s in ZnO film. The detection 
of this element required more scans to collect its spectrum than other elements suggesting its low 
concentration. 
 
It is worth to mention that N was only detected in XPS measurements if the 
number of sweeps was doubled, suggesting that only a very low amount of nitrate 
is incorporated in the NW arrays, Fig.  4-13. 
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Focusing on the oxygen, Fig.  4-14 shows the corresponding O 1s spectra from a 
NW array electrodeposited in the regime where the OH- generation rate dominates 
(i.e. 1x10-4 M Zn(NO3)2 + 0.1 M NaNO3, j = - 0.25 mA cm-2 and q = 6 C cm-2). In 
addition to the spectrum of the as deposited sample, spectra obtained after Ar+ 
sputtering and annealing at 90ºC in air for 45 minutes are also shown. In order to 
obtain detailed information about O ls spectra, curve fittings were performed. The 
binding energies of the O ls peaks were calibrated by taking the  
C ls peak (284.6 eV) as reference.  
 
Fig.  4-14: O 1s XPS spectra for samples electrodeposited in 0.1 M NaNO3 and 1x10-4 M Zn(NO3)2 
aqueous solutions under j = -0.25 mA cm-2 and applying q= 6 C cm-2. The spectra obtained after 
applying different post-deposition treatments is also shown. The thermal annealing was performed 
at 90ºC in air during 45 minutes just before introducing the sample into the XPS system. 
 
The O 1s peak can be deconvoluted into two contributions. The lower energy 
range peak located between 530.2 and 530.9 eV is usually reported to correspond 
to O-Zn bonding [150, 151], while the higher energy contribution with its peak 
located in 531.4 – 531.7 eV range is assigned to O-H bonding, indicating the 
presence of hydrated oxides [150, 152]. However, Dupin et al. [152] proposed 
531.1 eV as the maximum binding energy for metal hydroxides and suggested 
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weakly adsorbed species containing O- ions as the main origin of XPS features 
detected in the 531.1 – 532 eV range. The presence of Zn(OH)2 in the analyzed 
samples is not surprising and different plausible explanations can be given. First, 
Zn(OH)2 is an intermediate product in electrodeposition of ZnO. Hence, a certain 
amount of Zn(OH)2 may remain without being converted to ZnO which has also 
been reported by Pradhan et al. [103]. Second, ZnO easily forms direct bonding 
with organic molecules as the O atoms at the top of the O-terminated planes have 
one dangling bond in the air [153]. 
The difficulties in obtaining reliable O 1s data are related to hydroxylation and/or 
carbonation phenomena which unavoidably contribute to the oxygen component 
and may progress into the bulk to a different extent depending on the material and 
on the aging time [150, 152, 154]. For the case of hydroxylation, Kunat et al. 
[155] have proposed that H2O molecules are trapped in an oxygen-terminated 
polar surface of the ZnO structure. Then, during their diffusive motion along the 
surface they reach an oxygen vacancy, at which point they dissociate and yield 
two OH- species on the surface. Other studies have related the adsorption of H2O 
molecules to the aspect ratio of NWs [156] or the porosity of the structure [154]. 
In the latter case, it has been proposed that a film with a higher oxygen 
component has a more porous structure because some of these pores are filled 
with water upon exposure to air and result in the appearance of a higher energy 
peak in the O 1s spectra. 
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In order to gain further insight into the origin of the higher binding energy 
contribution, different post-deposition treatments were applied on the NW arrays. 
First of all, it is worth to highlight the significant shift in the binding energies 
detected between 530.2 and 530.9 eV. Since crystal potentials and bond lengths 
may change significantly in a mixed chemisorptions-penetration situation [152], 
the detected energy bind shifts suggest the presence of chemisorbed species from 
the atmosphere.  
Although Ar+ sputtering in the XPS chamber is generally used to remove 
adsorbed species allowing depth profiling chemical analysis, preferential etching 
of the NW tips seem to occur in the presently analyzed samples. As clear 
evidence, the C 1s peak was still present after a few tens of seconds of Ar+ 
sputtering, pointing out the difficulties of homogenously cleaning the NW array 
surface by this method. This is the main reason for the significantly high 
contribution of species located in the higher binding energy range (531.4 – 531.7 
eV) even after Ar+ sputtering. However, this contribution became minor after a 
post-deposition annealing at 90ºC in air for 45 minutes, mainly due to desorption 
of water related species (i.e. O-H bond breaking). From a practical point of view, 
annealing treatment at temperatures as low as 90ºC is a very attractive strategy for 
preparing ZnO NW arrays to be used in electronic devices where the surface 
chemical composition may be crucial. 
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Fig.  4-15 shows the variation of the relative contribution of Zn(OH)2 (more 
precisely, O-H bonding), that is the fraction that the high energy band contributes 
to the total O 1s peak, as a function of the applied charge during the 
electrodeposition for the two different growth regimes.  
 
Fig.  4-15: Zn(OH)2 percentage, determined from XPS, on as deposited samples as a function of 
the charge density applied during the electrodeposition for the two growth regimes i.e. Zn(NO3)2 
concentrations (1x10-4 M: filled squares and 1x10-3 M: empty circles). The other deposition 
parameters were kept constant ([NaNO3] = 0.1 M, j = - 0.25 mA cm-2).  
 
As seen in Fig.  4-15, the Zn(OH)2 content decreases as a function of applied 
charge for both deposition regimes, being relatively higher for samples deposited 
when the OH- generation rate is the limiting factor regime (i.e. higher Zn(NO3)2 
local concentration). Two explanations can be given for this observation. First, at 
higher Zn(NO3)2 concentrations, the formation of intermediate Zn(OH)2 is 
kinetically faster and this may lead to more unconverted Zn(OH)2. Second, He 
and Wang [156] demonstrated that for ZnO NW arrays obtained from Zn(NO3)2 
solutions the larger the aspect ratios of ZnO nanorod arrays, the larger its 
hydrophobicity. Since the samples deposited at 1x10-4 M Zn(NO3)2 exhibit higher 
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aspect ratio (Fig.  4-11), they are more hydrophobic and consequently a less 
favorable scenario for Zn(OH)2 formation due to the ambient humidity. 
4.4. Structural properties 
4.4.1. TEM Investigations 
The structural properties of single ZnO NWs were analyzed by TEM. Fig.  4-16 
shows bright field TEM images of representative NWs grown to a charge density 
of 10 C cm-2 under both regimes.  
 
Fig.  4-16: Bright field TEM images of single ZnO NWs obtained under the two different growth 
regimes,  i.e. Zn(NO3)2 concentrations (a and b: 1x10-4 M, c and d: 1x10-3 M) after passing 10 C 
cm-2. The other deposition parameters were kept constant ([NaNO3] = 0.1 M, j = - 0.25 mA cm-2). 
The Selected Area Electron Diffraction patterns are shown in the insets. 
 
The corresponding SAED patterns of NWs can be indexed to wurtzite structure of 
hexagonal ZnO (inset of Fig.  4-16.a & c). These patterns also indicate the single-
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crystalline nature of the deposited NWs and also the preferential growth along 
[0001] axis. Lattice fringes of (0001) planes with an interplanar spacing of 0.52 
nm are clearly illustrated in the HR-TEM images (Fig.  4-16.b and d) which 
further prove that NWs grow along the c-axis. Altogether, the TEM images show 
that irrespective of deposition conditions, the as-grown NWs are single-
crystalline.  
4.4.2. XRD Investigations 
In addition to the analysis on single NWs, the structural properties of the NW 
arrays were studied by XRD. Irrespective of the electrodeposition conditions used 
here, the XRD patterns can be fully indexed by only considering the ZnO wurtzite 
phase [157] and the tetragonal SnO2 phase [158] from the TCO substrates. The 
XRD patterns of the samples showing the effect of varying the NaNO3 
concentration are presented in Fig.  4-17 as representative.  
 
Fig.  4-17: XRD patterns of ZnO NWs electrodeposited as a function of [NaNO3] at [Zn(NO3)2]= 
0.0005 M, j= -0.25 mA/ cm2 and q= 2C/cm2 at 80 oC. 
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In all developed patterns, the highest intensity is along (0002) peak indicating that 
NWs are highly oriented along their c-axes, being perpendicular to the substrate. 
This information is in good agreement with SEM and TEM observations. 
Moreover, in all characterized samples the relative intensity along (0002) peak is 
in good accord with mass variation data and verticality of NWs as the relative 
intensity of (0002) reflection is also affected by the NW verticality.  
The preferential orientation of the grown NWs was analyzed by calculating the 
texture coefficient, Ci (Eq. 4-4), for each peak in the XRD pattern, and degree of 
preferential orientation, σ, for the sample as a whole, which is defined as the 
standard deviation from the reference powder condition (Eq. 4-5) [159]. A peak 
with a value of Ci above 1 indicates preferential orientation in that direction and it 
enhances with increasing Ci. When comparing two samples, the sample with the 
lower value of σ is the one that is more randomly oriented. 
                                                                                                    4-4          
                                                                                           
                                                                                                              4-5 
where I is the measured intensity of (hkl) plane; Io is the intensity of the reference 
powder; N is the number of the reflections which are considered; ܥ௜ is the average 
of Ci values, i.e., ܥ௜ equals to 1.  
Ci = 
I (hkl) / Io (hkl) 
(1/N) ΣN I (hkl) / Io (hkl) 
)0.5 σ = (
ΣN (Ci - ͞Ci)2 
N 
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Six planes, namely (101ത0); (0002); (101ത1); (101ത2); (112ത0) and (101ത3) were 
considered in the analysis, excluding the (112ത2) and (202ത1) due to their low 
intensity. Fig.  4-18 shows the variation of Ci and σ as a function of current 
density. This figure clearly demonstrates that both the texture coefficient along 
[0002] and the preferential orientation of samples decrease with increasing the 
current density, i.e., with increasing the ratio between OH- and Zn2+. Ci and σ 
show similar trends with increasing the nitrate concentration.  
 
Fig.  4-18: Variation of σ and Ci as a function of the current density applied in the 
electrodeposition. The other deposition parameters were kept constant (q = 2 C cm-2, [NaNO3] = 
0.1 M, [Zn(NO3)2] = 5 x10-4 M  and T = 80 oC).  
 
Increasing the Zn2+ concentration in the solution leads to enhancing the texture 
coefficient along [0002] and improvement in preferential orientation of the 
sample as the ratio between OH- and Zn2+ decreases, Fig.  4-19. The correlation of 
texture coefficient and preferential orientation with the ratio between OH- and 
Zn2+ is discussed in more detail in Chapter 5.  
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Fig.  4-19: Variation of σ and Ci as a function a function of the Zn(NO3)2 concentration. The other 
deposition parameters were kept constant (q = 2 C cm-2, j = -0.25 mA cm-2, [NaNO3] = 0.1 M and 
T = 80 oC).  
 
By combining the results from TEM and XRD, the presence of any significant 
traces of additional phases in the bulk of the ZnO NWs can be ruled out. 
Therefore, the strong O-H bonding contribution in the XPS studies must be only 
representative of the NW surface, most probably due to the exposure of samples 
to the ambient atmosphere.  
4.5. Optical properties 
To investigate the influence of the NW dimensions on light scattering, the total 
reflectance was measured over the spectrum range from 300 nm to 800 nm. As an 
example, Fig.  4-20 shows the reflectance spectra for the shortest and longest NWs 
obtained under the two different growth regimes. 
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Fig.  4-20: Total reflectance spectra of glass/SnO2:F/ZnO seed layer/ZnO NW array samples 
obtained under two different ZnO NW growth regimes by using the lowest and largest charge 
densities (2 and 10 C cm-2).  Zn(NO3)2 concentrations (1x10-3 M: solid lines and 1x10-4 M: dashed 
lines). The other deposition parameters were kept constant ([NaNO3] = 0.1 M, j = - 0.25 mA cm-2).  
  
For the NW arrays obtained in the Zn2+ diffusion mass limitation regime (i.e. no 
significant NW lateral growth, Fig.  4-10), the relative intensity of reflectance 
increases by a factor ≥ 2  as the charge density used to deposit the array was 
increased from 2 to 10 C cm-2. However, no significant spectral shift is detected 
as a function of the charge density. In contrast, for arrays obtained in the regime 
where the OH- generation rate dominates a significant red-shift occurs in 
maximum reflectance (from 410 nm to 460 nm), due to an increase in average 
diameter of the NWs (from 120 nm to 400 nm) for the same increase in applied 
charge density. However, in this latter case the increase in the reflectance 
intensity is small (from 0.09 to 0.13) due to the relatively moderate increase in 
length (from ∼ 1 to ∼ 3 µm) as well as the reduced NW interspace. In addition to 
the NW interspace, their verticality may also significantly affect light scattering 
[160]. Differences in the NW verticality are likely the main cause of relatively 
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short red-shift observed in the present work with respect to previous studies on 
arrays of NWs with similar diameters [80]. 
Thus, by choosing the growth regime to modify the NW dimensions in a 
controlled manner, it is possible to tune efficiently the light scattering. The large 
versatility on tuning the light scattering opens up wide possibilities for the present 
route to deposit ZnO NW arrays as building blocks for photonic and 
optoelectronic applications. As an example, the highly beneficial effects of 
optimizing light scattering in different kinds of nanostructured solar cells such as 
dye [161] and semiconductor [80] sensitized solar cells have been recently 
reported. On the whole, it was demonstrated that light scattering is very sensitive 
to NW dimensions. 
Furthermore, the relation between the electrodeposition parameters and optical 
gap was investigated. The peak position of the first derivative of the absorptance 
(A = 1-R-T) with respect to wavelength corresponds to the optical gap. Fig.  4-21 
shows the variations of optical gap and height of NWs as a function of nitrate 
concentration. The variations of optical gap and height of NWs as a function of 
current density show similar trends (Fig.  4-22). In other words, in both cases, the 
optical gap shows an inverse relation with height of NWs when either nitrate 
concentration or current density is increased. However, the optical gap and height 




Fig.  4-21: The effect of nitrate concentration on the optical gap and height of NWs pulsed-current 
electrodeposited from 5 x10-4 M Zn(NO3)2 + Na NO3 at V = - 1.0 V, q= 2C cm-2 and T= 80 oC. 
 
Fig.  4-22: The effect of current density on the optical gap and height of NWs pulsed-current 
electrodeposited from 5 x10-4 M Zn(NO3)2 + 0.1 M NaNO3 at T= 80 oC and q= 2C cm-2. 
 
Srikant et al [162] have studied the optical bandgap of bulk ZnO by different 
techniques and reported 3.3eV as the room temperature bandgap of ZnO. 
Variations in the absorption edge or optical gap of native electrodeposited ZnO 
(no intentional dopants) have been reported in relation with parameters such as 
deposit thickness, crystallite size, deposition potential, electrolyte composition, 
and in situ or ex situ heat treatments [27, 163-168]. Changes in the absorption 
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edge of ZnO film materials have been attributed to a range of factors such as 
quantum confinement [164], stress/strain or defects [163, 165], carrier 
concentration or doping [27, 168] or even deviation from stoichiometry.  
For example, Marotti et al [163] investigated the relation between the absorption 
edge and the deposition conditions. ZnO films were electrodeposited from 
deaerated 0.1 M Zn(NO3)2 solutions. These authors prepared films from less than 
1µm to about 30 µm in thickness and they showed that the bandgap energy varies 
inversely with film thickness, ranging from less than 3.1 to 3.4 eV. This variation 
was attributed to grain size, lattice strain, defect states or a combination of these 
affects. For instance, they observed that c:a ratio increases with film thickness 
reflecting the change in lattice strain.  
Poduska’s group [166, 167] also studied the shifts in optical adsorption edges of 
ZnO films electrodeposited from 0.01 M Zn(NO3)2 solutions. These authors 
showed a relation between optical absorption edge and thickness (0.2–2 μm) as 
well as with deposition potential and aging time. They found that film thickness 
and deposition potential affect the overall defect concentration. They proposed 
that the shifts in adsorption edges of samples are due to a hydrogen induced 
Burstein–Moss effect and that the defects act as trapping sites for hydrogen 
donors. Active interstitial H+ serves as a donor and increases the band-gap energy 
when doping levels are high enough to lead to degenerate semiconducting 
behavior. This Moss-Burstein effect of larger band gaps with higher doping levels 
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is a trend that opposes the usual response of decreasing band gap with an increase 
in extrinsic dopants like Cl- in the electrodeposition of ZnO [168]. 
Cui [27] by performing PL spectroscopy demonstrated that with decreasing 
hexamine concentration in Zn(NO3)2 solution from 43 to 6.3 mM, the density of 
defects significantly increased in electrodeposited ZnO nanorods. It is reasonable 
to assume that the increase in defect density would cause the carrier concentration 
to increase in the ZnO nanorods. If this significant increase in carrier 
concentration leads to Moss-Burstein effect, the bandgap should become larger. 
However, in the present study, decreasing the nitrate concentration made the 
bandgap smaller. The change in nitrate concentration may or may not have any 
effect on density of defects. In case of having an effect, decreasing nitrate 
concentration, in contrast to hexamine effect, either has reduced the density of 
defects or led to usual response of decreasing band gap with an increase in carrier 
concentration. This part needs further in-depth investigation. 
It is noteworthy to mention that the density of defects and carrier concentration in 
ZnO films strongly depend on preparation methods. For example, Izaki [61] 
demonstrated that employing a seed layer not only improves the transmittance of 
electrodeposited ZnO film but also significantly increases the mobility and 
concentration of carrier. In another study, Izaki and Omi [120] showed that the c:a 
ratio decreases with increasing current density leading to a reduction in carrier 
concentration. Thus, understanding the main influential parameters on adsorption 
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edge or bandgap energy needs further detailed investigations by 
photoluminescence, Raman, impedance spectroscopy, detailed XRD studies and 
perhaps measuring the resistivity. 
Conclusion  
The electrodeposition and growth mechanism of ZnO NWs from nitrate-based 
solution were systematically studied. It was demonstrated that the reduction of 
NO3- ions is enhanced in the presence of Zn2+ ions. A model for the ZnO NW 
growth mechanism was proposed distinguishing two different regimes where it is 
controlled by either the Zn2+ diffusion or the OH- generation rates. The proposed 
mechanism represents a significant further insight into the ZnO NW 
electrodeposition from NO3- based solutions and provides a novel strategy to 
achieve higher deposition efficiencies, in comparison to the O2 based route, while 
still controlling the diameter of NWs. For example, growth rates faster than 2µm 
per hour were reached under Zn2+ diffusion limitation growth regime, which 
impedes the lateral growth of the NWs and therefore allows the deposition of 
arrays of large aspect ratio.  
The results of different characterization techniques demonstrated that the arrays 
are of single-crystalline ZnO wurtzite structure for all the studied 
electrodeposition conditions. Although as deposited ZnO NWs exhibit a 
significant amount of species containing O-H bonding (at least after being in 
contact with the ambient atmosphere), this can be reversed by simple thermal 
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treatments at temperatures as low as 90 ºC. It was also demonstrated that both the 
texture coefficient along [0002] and the preferential orientation of samples 
decrease with increasing the ratio between OH- and Zn2+. The texture coefficient 
along [0002] and the preferential orientation of the samples are improved as the 
ratio between OH- and Zn2+ decreases. 
The relation between the electrodeposition parameters and optical gap was 
investigated. The optical gap shows an inverse relation with height of NWs when 
either nitrate concentration or current density is increased. However, the optical 
gap and height of NWs do not show a clear trend as a function of Zn2+ 
concentration. 
In summary, electrodeposition from nitrate solutions provides a versatile, 
economical and large-scalable method to fabricate ZnO NW arrays with tailored 
dimensions opening up wide possibilities for their use as building blocks in 
different applications. As an example, the influence of the NW dimensions on the 






5. Chapter 5: Pulse-Electrodeposition 
5.1. Morphology 
5.1.1. Electrodeposition from Solutions in Presence of Sodium Nitrate  
5.1.1.1. Effect of ton 
Fig.  5-1 shows representative SEM micrographs of ZnO NWs as a function of ton, 
from 0.05 s to 0.2 s when toff is kept at 0.2 s for films prepared from a solution of 
5x10-4 M Zn(NO3)2 + 0.1 M NaNO3, without stirring. As inferred from the top-
view images, the average diameter size is decreased from 87 nm to 73 nm when 
the ton is prolonged. In chapter 4 it was demonstrated that the ratio between the 
OH− generation rate and Zn2+ diffusion is the main parameter controlling the 
growth mechanism of ZnO NWs. Since the concentration of NO3- ions in the 
solution is much higher than that of Zn2+ ions, upon applying the current the 
concentration of generated OH- ions in the immediate vicinity of the cathode 
quickly exceeds that of the Zn2+ ions. This ratio increases with ton as the generated 
amount of OH- increases. Under such conditions, the high local concentration of 
OH− hinders Zn2+ arrival, impeding both lateral and longitudinal growth.  
Fig.  5-2 summarizes the effect of prolonging the period of ton on the average 
diameter and height of the PCED NWs. As Fig.  5-2 illustrates, the size reduction 
in height (858 to 188 nm) is much larger than in diameter (87 to 73 nm). The 
hindrance of Zn2+ arrival cannot singly justify such a large reduction in length. 
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Two explanations may be given for the large observed difference; (i) dissolution 
of ZnO at high pH values; (ii) evolution and/or adsorption of gas products on the 
growth surface interfering with the ZnO growth mechanism. 
 
Fig.  5-1: Top-view SEM micrographs of pulsed-current electrodeposited ZnO NWs from 5x10-4 M 
Zn(NO3)2 + 0.1 M NaNO3 solution, without stirring, at -1.1 mA cm-2 as a function of ton a) 0.05 s; 
b) 0.1 s; c) 0.15 s; d) 0.2 s. The value of toff is set at 0.2 s for all cases. 
 
 
Fig.  5-2: The effect of ton on the average diameter and height of pulsed-current electrodeposited  
ZnO NWs from unstirred 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution. The period of toff is 0.2 s.  
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Fig.  5-3 shows the Pourbaix diagram of Zn [169]. This diagram indicates that 
where the local pH is very high, the dissolution of ZnO happens and either HZnO- 
or ZnO22- is produced. The rate of dissolution on the growth plane is apparently 
faster due to the higher surface energy of this plane. Aother reason for higher 
dissolution could be the evolution of gases like H2, NO, NO2, and N2 on the 
growth plane during the reduction of NO3- [108, 113, 116] and/or the selective 
adsorption of these gases on the growth plane which may influence OH- 
generation. For example, Rodriguez et al [170] and Meyer [171] have reported the 
adsorption of NO2 and H2 on the Zn-terminated and O-terminated planes of ZnO, 
respectively. Woll [172] has reviewed the adsorption of H2 on (0001), (0001ത), and 
(101ത0) planes of ZnO in detail.  
 
Fig.  5-3: Pourbaix diagram of Zinc [169]. Broken lines represent (a) Oxygen equilibrium, i.e.,  
O2 + 4H+ + 4e- = 2H2O; (b) Hydrogen equilibrium, i.e., 2H+ + 2e- = H2 
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Fig.  5-3 also shows that the stability or formation of H2 gas varies with pH and 
the overpotential; i.e., the higher pH value the more negative the overpotential 
required for H2 evolution. Hence, prolonging ton increases the probability of 
hydrogen evolution which may hinder the arrival of Zn2+ at the surface or 
influence OH- generation and/or the hydrogen may absorb on the growth surface 
and impede the growth in length.  
It is noteworthy that Richardson et al [173] have made thermodynamic 
calculations to provide an effective way to predict the solubility and speciation of 
ZnO in aqueous solutions as a function of pH, ammonia concentration, and 
temperature. These authors have shown in three-dimensional plots that at constant 
temperature ZnO solubility not only changes with pH but also with ammonia 
concentration. Fig.  5-4 shows that in the absence of ammonia the minimum 
solubility for ZnO occurs close to pH 10, but at 1 M NH3 this rises to about pH 
11.5. Although these data might be limited to ammonia-based solutions, they 
demonstrate that ZnO solubility varies with the solution’s chemistry.  
 
Fig.  5-4: Solubility of ZnO in aqueous solution vs pH and ammonia concentration at (a) 25oC and 
90 oC. Taken from Richardson et al [173]. 
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Fig.  5-5 illustrates the effect of ton on the density of NWs and mass variation. 
Since mass variation represents the deposition efficiency, we have estimated the 
mass variation from the dimensions and density of NWs, assuming that the 
density of the deposited ZnO is 5.606 g cm-2.  Fig.  5-5 shows that although the 
density of NWs has increased with ton, the mass variation or deposition efficiency 
has decreased.  
 
Fig.  5-5: The effect of ton on the density of NWs and mass variation of pulsed-current 
electrodeposited ZnO NWs from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution, without stirring. 
The period of toff is 0.2 s. 
 
To study the direct effect of employing much longer ton and toff times, all other 
parameters (including current density, pulse duty cycle and solution composition) 
were held constant. Fig.  5-6 shows the effect of prolonging the period of ton, from 
2.5 s to 10 s, on both the average diameter and height of NWs. Both the average 
diameter and height show the same trend as in Fig.  5-2. However, at the same 
duty cycles (for examples, ton = 0.05 s with toff = 0.2 s has the same duty cycle as 
ton = 2.5 s with toff = 10 s), both diameters and heights have reduced in comparison 
with employing shorter periods of ton and toff in Fig.  5-2. This is due to higher 
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ratios between the local OH- and Zn2+ concentration and accordingly higher 
probability of dissolution (because of higher build-up of OH- ions during longer 
periods of ton and toff) and/or due to increased gas evolution.  
The dissolution is more likely to happen because as time elapses the Zn2+ 
concentration decreases and OH- build-up increases. Hence as the end of a longer 
ton is approached the pH may reach a value that hinders further precipitation of 
any new primary ZnO until the next pulse. Therefore, it seems only part of a long 
pulse will lead to precipitation and therefore the growth rate in longer pulses is on 
average slower than in short pulses.  
 
Fig.  5-6: The effect of ton on the average diameter and height of pulsed-current electrodeposited 
NWs from 5x10-4 M  Zn(NO3)2 + 0.1 M NaNO3 solution, without stirring. The period of toff is 10 s. 
 
The formation of discrete branches (secondary growth) under low [Zn2+] and high 
pH by a dissolution-reprecipitation mechanism in hydrothermal and chemical bath 
methods has been reported and discussed in detail by Sounart et al [85] and 
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Govender et al [174] as was also observed in samples electrodeposited from  
5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solutions. 
It is worth stating that based my experiments it was realized that the purity of 
precursors and D.I. water used strongly influences the stability of the deposited 
ZnO. For example, it was noticed that a uniform film was normally only 
achievable when high purity (high resistivity 10 MΩ.cm) water was used. 
Moreover, it was found that under such conditions when SCE reference electrode 
(which is not stable at 80 oC) is placed in the electrodeposition solution (even 
indirectly using a salt bridge), part of the ZnO film may become dissolved as Cl- 
ions diffuse into the solution and make complexes with Zn2+ leading to a change 
in solubility of ZnO. Complexing agents reduce the concentration of free Zn2+ and 
accordingly increase ZnO solubility [85, 174-176]. These complexing agents 
include, in order of stability, sulfate, chloride, nitrate, perchlorate, formate and 
acetate ions although there is some discrepancy in this order among the cited 
literature.   
5.1.1.2. Effect of toff 
Fig.  5-7 illustrates the effect of toff on both average diameter and height of the 
NWs when ton is kept constant at 5 s. As expected, both the average diameter and 
height increase with toff. A longer period of toff ensures more diffusion of Zn2+ 
ions from the bulk solution to the NWs. Hence, the ratio between generated OH- 
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and Zn2+ decreases. Therefore, in accordance with the growth mechanism for 
conventional electrodeposition (CED) proposed in Section 4.2., the lateral growth 
increases. Moreover, since the local concentration of OH- in the immediate 
vicinity of cathode is reduced, ZnO dissolution is limited and the NW height, 
consequently, is increased.  
 
Fig.  5-7: The effect of toff on the average diameter and height of pulsed-current electrodeposited 
NWs from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution, without stirring. The period of ton is 5 s. 
 
However, when toff is very long, about 2.5 times that of ton or larger, the adverse 
effect of Zn2+ concentration appears on the growth plane. It has been reported that 
the presence of Zn2+ ions enhances the reduction of NO3− [58, 64]. As a result, the 
pH is increased at the tip of the NWs and dissolution or gas evolution related 
problems develop and impede the longitudinal growth. Another reason for the 
increasing average diameter with increasing toff could be the discharge current 
which might enable the lateral growth to continue during the toff albeit at a low 
rate. This is because during the toff period the ratio between local OH- 
concentration and diffusing Zn2+ decreases leading to lateral growth. Obviously, 
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this lateral growth is very limited as the discharge current is diminishing with 
time.  
5.1.2. Electrodeposition from Solutions without Sodium Nitrate 
Pulse electrodeposition enables depositing from less concentrated solutions than 
conventional dc techniques because the precursors are recovered during the toff 
period. To take advantage of this feature, growth from low concentration 
solutions of Zn(NO3)2, as low as 5x10-4 M, without any structure-directing agents 
like additional sources of the NO3- precursor, was investigated with and without 
stirring the solution. Deposition from solutions with such low composition is 
impossible by conventional electrodeposition and thus any successful deposition 
by pulse methods is likely to be of particular interest to industry.  
5.1.2.1. Effect of toff 
Fig.  5-8 illustrates the change in the average diameter and height of the ZnO NWs 
electrodopsited by galvanostatic pulses from unstirred 5x10-4 M Zn(NO3)2 
solutions as a function of toff when ton is kept constant at 0.1 s. One might expect 
increasing toff would increase the lateral growth due to the longer time for 
diffusion of Zn2+ ions among the NWs. Contrary to expectations, both the average 
diameter and height reduced as the period of toff increased. An explanation for this 
behavior that can be given is that since the total concentration of ions in the 
solution is very low, any small change in chemistry of the solution in the 
immediate vicinity of the cathode may significantly alter the local [OH-] to [Zn2+] 
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ratio. This case is totally different with previous case where the concentration of 
nitrate was very high, 0.1 M, where the longer toff does not change the 
concentration of nitrate in the vicinity of the cathode.  
On the one hand when the period of toff is very short, e.g. 0.15 s, the recovered 
concentration of NO3- is very low and so is the ratio between the generated OH- 
and Zn2+ concentration. Hence, based on the second growth mode proposed in 
Section 4.2, the growth continues in both lateral and longitudinal direction. On the 
other hand, since the initial concentration of NO3- is very low, increasing the 
period of toff has a significant effect on recovery of NO3- concentration. Recalling 
that the recovery of Zn2+ concentration also increases the production rate of OH-. 
Thus, the generated amount of OH- increases remarkably. This notable increase in 
local pH would lead to increased ZnO dissolution and/or gas evolution which 
would hinder growth in both directions.  
 
Fig.  5-8: The effect of toff on the average diameter and height of pulsed-current electrodeposited 




Fig.  5-9 shows the effect of ton period on the average diameter and height of the 
NWs deposited from 5x10-4 M Zn(NO3)2 solution, with toff being kept constant at 
0.2 s. As expected, the average diameter reduced as ton increases. Such behavior 
follows the mechanism proposed in Section 4.2 because when the period of toff is 
fixed, the ratio between the generated [OH-] and [Zn2+] increases with ton and less 
Zn2+ ions get the chance to diffuse among the NWs. Accordingly, as soon as they 
approach the tip of the NWs, they react and the height of the NWs is increased at 
the expense of decreased diameters.  
 
Fig.  5-9: The effect of ton on the average diameter and height of pulsed-current electrodeposited 
NWs from 5x10-4 M Zn(NO3)2 solution, without stirring. The period of toff is 0.2 s. 
 
Another explanation that can be given for the observed trends in this series is that 
in such low-concentration solutions by increasing the periods of ton to longer than 
0.12s the reduction of NO3- starts to become diffusion limited as will be discussed 
later. Hence, OH- ions are generated as soon as the nitrate ions reach to the 
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cathode surface, and then combine with Zn2+ to grow the NWs. As a result, the 
height increases with ton while the diameter decreases. Fig.  5-10 shows SEM 
micrographs of top-view and cross-section of these samples that confirm the 
trends shown in Fig.  5-9. 
 
Fig.  5-10: Top-view and cross-section SEM micrographs of pulsed-current electrodeposited ZnO 
NWs from 5x10-4 M Zn(NO3)2 solution, without stirring, at -1.1 mA cm-2 as a function of ton while 
toff is set at 0.2 s. a & b) 0.1 s; c & d) 0.15 s; e & f) 0.2 s. 
 
Fig.  5-11 illustrates changes in the density of NWs and mass variation of 
deposited NWs from 5x10-4 M Zn(NO3)2 solution with ton on when the period of 
toff is kept constant at 0.2 s. It can be seen that both the density of NWs and mass 
variation increase with ton. It is interesting to note that increasing the period of ton 
has a positive impact on all the desired properties of pulsed-current 
electrodeposited ZnO samples from 5x10-4 M  Zn(NO3)2 solution, that is to say 
the diameter decreases while the height, density of NWs and mass variation all 
increase. More interestingly, the increase in mass variation of this series is 
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convincing evidence that Zn2+ diffusion limitation by itself cannot be the sole 
reason of the reduction in mass variation, diameter and height of previous studied 
series at higher solution concentrations (Section 5.1.1), although its role cannot be 
excluded totally because the height of the NWs in our study is always smaller 
than the thickness of the pulsating diffusion layer (δp), at the end of the pulse, 
based on equation 5-1 [65]. In other words, the effects of diffusion limitation are 
inevitable. 
 
Fig.  5-11: The effect of ton on the density of NWs and height of pulsed-current electrodeposited 
NWs from 5x10-4 M Zn(NO3)2 solution, without stirring. The period of toff is 0.2 s. 
 
 





                                                 5-1 
The results of studying the growth of ZnO NWs from unstirred 5x10-4 M 
Zn(NO3)2 solutions at longer periods of ton and toff are not shown here because it 
was impossible to cover all duty cycles as in previous studies due to observing 
burning  over the edges of samples. This can be explained by considering the Sand 
equation which is used to estimate the transition time (τ) required for the 
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interfacial concentration to drop to zero after the application of a constant current 
density, jp; Ibl [65] showed this equation is still valid for pulse experiments. 
߬ ൌ  ߨሺݖܨሻଶ C୭
ଶ D 4j୮
ଶ⁄                                                              5-2        
Where D is the diffusion coefficient; z: ionic charge; F: Faraday constant; and Co: 
concentration in the bulk solution. A pulse with ton = τ will be called a limiting 
current pulse because jp then becomes the limiting current density at the very end 
of the pulse.  
The diffusion coefficient of NO3- in water is estimated to be 2 x10-5 cm2 s-1 [112] 
and the concentration of NO3- ions in the solution is 0.001 M. Therefore when jp= 
-1.1 mA cm-2, τ equals to 0.12s. This means that 0.12s is an estimation of the 
maximum period of time when the applied current density, -1.1 mA cm-2, 
approaches the limiting current density or the maximum current density that can 
be used without undue interference at the very end of the pulse; e.g. the cathodic 
reaction will switch from nitrate reduction to the next available process, likely to 
be hydrogen evolution or the reduction of nitrite to other products. It should be 
noted while the above equation gives the order of the magnitude of the transition 
time, it is only an approximation.  
5.1.2.3. Effect of Stirring 
Although stirring the solution reduces the burning problem over the edges by 
reducing δp thereby improving the recovery of the ions allowing longer ton times, 
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it caused another problem which is partially covered and / or non-uniform 
deposition. To explain this observation, further investigation is required.  
Fig.  5-12 illustrates the effect of stirring (200 rpm) on the morphology of 
electrodeposited nanowires from a 5x10-4 M Zn(NO3)2 solution when ton is 5 s and 
toff is 10 s. As can be seen, the NWs are well-aligned and perpendicular to the 
substrate. From the top-view and cross section images a reduction in both the 
average diameter and height of NWs from about 98nm to 94nm and from about 
780nm to 735nm, respectively, is deduced when the solution is stirred. When the 
solution is unstirred, it suffers from diffusion limitation, but when the solution is 
stirred, the film is homogenous and interestingly the tips of the NWs are in the 
shape of nanotubes.   
 
Fig.  5-12: The effect of stirring on the morphology of pulsed-current electrodeposited nanowires 
from a 5x10-4 M Zn(NO3)2 solution when ton is 5 s and toff is 10 s. a & b) without stirring; c & d) 
with stirring (200 rpm). 
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The same effect was observed on all other samples deposited under stirring with a 
long ton regardless of whether the deposit is uniform or not. It is obvious that 
under stirring the concentrations of the OH- and Zn2+ ions at the very end of the ton 
period are higher than in the unstirred case. These higher concentrations imply 
higher pH values at the tips of NWs, specially remembering that Zn2+ promotes 
OH- generation as well. However, the full Pourbaix diagram [169] of Zn indicates 
the stability range of Zn(OH)2 or ZnO narrows more and more with decreasing 
Zn2+ Concentration. Hence, any local increase in pH value may cause the 
dissolution of Zn(OH)2 or ZnO. This dissolution happens over the areas which are 
more unstable, i.e., over the areas which have a higher surface energy as this 
decreases the total energy of the system. Studies on fabrication of ZnO naotubes 
has also indicated that the dissolution affects the nanowire core preferentially, 
resulting in a tubular structure [95, 100]. The shallow depth of the hole at the tips 
of NWs in the present work may suggest that the dissolution of the inner cores 
only occurs at very end of the growth pulse (ton) wherein the concentration of Zn2+ 
is minimum and the OH- build-up is maximum. In general, it is accepted that the 
formation of ZnO nanotubes is a kinetically controlled process [31] and the final 
dimension of the nanotubes are determined by a competition between crystal 
growth and dissolution processes [177]. 
5.1.3. Effect of NaNO3 Concentration 
Fig.  5-13 shows that increasing the nitrate concentration causes a reduction in 
diameter and height, suggesting that the local pH exceeds the optimum level for 
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deposition (Fig.  5-3). Fig.  5-13 also shows that by increasing the concentration of 
nitrate precursor, NaNO3, the morphology of arrays varies from semi-nanotube to 
nanowire. Although a higher nitrate concentration usually generates a higher pH 
value and accordingly dissolution should increase, it is possible that the density of 
defects on (0001) planes of samples deposited from higher nitrate concentration is 
lower than the threshold level of defects to be affected by dissolution, i.e. the 
cores no longer dissolved preferentially to form nanotubes. Previously, Cui [27] 
used photoluminescence technique to demonstrate that increasing the hexamine 
concentration in Zn(NO3)2 solutions from 6.3 mM to 43 mM leads to a significant 
reduction in density of defects in ZnO nanowires.  
 
Fig.  5-13: The effect of NaNO3 concentration on the morphology of pulsed-current 
electrodeposited ZnO samples from 5x10-4 M Zn(NO3)2 + NaNO3 solution at -1.1 mA cm-2 when  
ton = 5 s and toff = 10 s. a & b) 0 M; c & d) 0.001 M; e & f) 0.1 M.  
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A closer examination of Fig.  5-13c shows that only NWs with large diameters 
have had their tips converted to NTs, while the tips of NWs with smaller 
diameters remain intact. This suggests that under this transition state the 
concentration of defects in NWs with large diameters is still higher than the 
threshold level of defects. Hence, they get dissolved to lower the surface energy 
of the system. Gan et al [96] have studied the dissolution of NWs with different 
diameters and concluded that obtaining NTs by dissolving the core of the NWs is 
only possible for NWs with a diameter larger than 100 nm. They supported this 
general rule by citing other literature wherein the converted NTs have had a 
diameter usually larger than 250 nm. These authors then discussed that small 
diameter nanorods are more stable due to their small areas of metastable polar 
(0001) surfaces. In contrast, in ZnO nanorods with large diameters the areas of 
metastable (0001) surfaces is large. Hence, the formation of NTs at the tips can 
help to reduce the metastable areas. However, contrary to Gan et al’s conclusions 
Fig.  5-13-a show the formation of NTs at the tips of NWs with diameters even 
smaller than 50nm. Hence, it is proposed that the size of the diameter by itself 
cannot be considered as the sole basis for dissolvability and the growth conditions 
influencing the density of defect on polar planes should be taken into account. 
Accordingly, regardless of the diameter size, the growth conditions not only affect 
the defect density in the deposited ZnO NWs, but also the threshold level of 
defects required for dissolution to initiate. Comparing Fig.  5-13 a and c testifies to 
this hypothesis, as it is clear that a high nitrate concentration impedes NT 
formation.  
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5.1.4. Importance of Chemical Purity  
Returning to the discussion about the effect of stirring (Section 5.1.2.3), it should 
be particularly emphasized that the purity of chemicals and the water used to 
make the solutions strongly influences the ability to obtain a full coverage and/or 
uniform deposit on the surface. For example, if the purity of NaNO3 precursor is 
changed from Sigma-Aldrich ACS reagent to ReagentPlus® ≥99% it is no longer 
possible to obtain full coverage of the electrode’s surface under stirring conditions 
at any concentration. A similar issue arises with the purity of water, regardless of 
stirring the solution or not, full coverage could not be obtained if the purity of the 
DI water falls below 10 MΩ cm. 
Although there was no intention to study the effect of additives, it was studied 
inadvertently. After making different series of samples as a function of ton, toff and 
NaNO3 concentration, during the analysis of results it was realized that the bottle 
of ACS reagent NaNO3 had been contaminated with an unknown chemical, most 
probably a carbon-based chemical as it had been borrowed by a colleague who 
was working on carbon nanotubes. The results are totally different from those 
obtained by using a new supply, ReagentPlus® ≥99%. Since the name and 
concentration of the unintentionally added chemical are indefinite, it is impossible 
to analysis the results in detail. However, part of the results is briefly presented 
here to show how the unknown additive (contamination) changed the 
morphology.  
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Fig.  5-14 and Fig.  5-15 show how the growth behavior of the ZnO changed under 
the influence of unknown additive in terms of the NWs average diameter and 
height, respectively.  
 
Fig.  5-14: The effect of unknown additive (contamination) and ton on the average diameter of 
pulsed-current electrodeposited ZnO NWs from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution at -
1.1 mA cm-2 when toff = 0.2 s.  The source of contaminated NaNO3 was ACS reagent container and 
the source of new NaNO3 was ReagentPlus® ≥99% container. 
 
 
Fig.  5-15: The effect of unknown additive (contamination) and ton on the average Height of 
pulsed-current electrodeposited ZnO NWs from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution at  
-1.1 mA cm-2 when toff = 0.2 s. The source of contaminated NaNO3 was ACS reagent container and 
the source of new NaNO3 was ReagentPlus® ≥99% container. 
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It is clear that the unknown additive has promoted the lateral growth causing a 
significantly larger average NW diameter, although the trend of the reduction in 
the diameter with increasing period of ton remained the same. As to height, under 
the influence of unknown additive the growth along the height is independent of 
ton such that long NWs are obtained even with long ton periods. These results 
imply that using additives can change the morphology and accordingly other 
related properties.     
5.2. Structural Properties   
5.2.1. XRD Investigations 
To study the crystalline structure, preferred orientation and deposition mechanism 
of ZnO NWs electrodeposited by the pulsed-current technique, samples under 
different period of ton and toff were investigated by X-ray diffraction analysis. 
Regardless of the values of ton and toff or the NaNO3 concentration all the XRD 
showed peaks corresponding to the ZnO wurtzite structure [157] in addition to 
tetragonal SnO2 from the FTO substrate [158]. Fig.  5-16 shows a representative 
XRD pattern of pulsed-current electrodeposited sample. 
Contrary to composition, pulse parameters did influence the preferential 
orientation of the grown NWs as analyzed by calculating the texture coefficient, 
Ci (Eq. 5-3), for each peak in the XRD pattern, and degree of preferential 
orientation, σ, for the sample as a whole which is defined as the standard 
deviation from the reference powder condition (Eq. 5-4) [159]. A peak with a 
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value of Ci above 1 indicates preferential orientation in that direction and it 
enhances with increasing Ci. When comparing two samples, the sample with the 
lower value of σ is the one that is more randomly oriented.  















Fig.  5-16: XRD pattern of pulsed-current electrodeposited ZnO NWs from 5x10-4 M Zn(NO3)2,  
ton = 0.2 s, toff = 0.2 s, j= -1.1 mA/ cm2 and q= 2C/cm2 at 80 oC. Peaks with (*) symbol represents 
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where I is the measured intensity of (hkl) plane; Io is the intensity of the reference 
powder; N is the number of the reflections which are considered; ܥ௜ is the average 
of Ci values, i.e  ܥ௜ equals to 1. 
Fig.  5-17 illustrates the variation of σ as a function of duty cycle (Eq. 2-16) and 
toff. The duty cycle was increased with ton while toff was fixed. The composition of 
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the solution was the same, 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3, for both short, 0.2 
s and long, 10 s, periods of toff. As seen, σ decreases with increasing the duty 
cycle and it has a lower value when toff is longer. It seems that among the 
parameters which influence the chemistry of the solution, it is the pH at the 
electrode’s surface (which increases as a function of duty cycle) that has a direct 
effect on σ as the other parameters are the same in both cases. From Fig.  5-17 it 
can be inferred that the higher the pH value, the less degree of preferential 
orientation is observed.  
 
Fig.  5-17: The effect of duty cycle and the period of toff on the preferential orientation of samples 
deposited from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solution, without stirring it. The duty cycle 
was increased with ton while toff was fixed. 
 
The Pourbaix diagram of Zn (Fig.  5-3) shows that ZnO formation is not a simple 
Faradaic process which converts Zn2+ ions into Zn(OH)2 or ZnO but an 
electrochemically induced precipitation. Hence, a larger increase in pH value 
leads to a larger and faster precipitation, in other words a larger deviation from 
the equilibrium condition. It should be noted that it is not the effect of OH- 
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generation rate as the current density is fixed at the same value in both cases; 
rather it is the effect of OH-build-up. This is a new insight into mechanism of 
preferential orientation of ZnO nanostructures.  
Fig.  5-18 shows the effect of duty cycle and nitrate concentration on σ. The duty 
cycle was increased by shortening the period of toff. This figure shows that σ 
increases with duty cycle (ton was fixed). Moreover, at a fixed duty cycle, σ is 
strongly dependent on the available concentration of nitrate, being much lower 
when 0.1 M NaNO3 was added to the initial 5 x10-4 M Zn(NO3)2.  This behavior 
is in line with the previous explanation, i.e. with decreasing period of toff or 
concentration of nitrate, the OH- generation is decreased leading to a lower local 
pH value, and accordingly a slower precipitation; that is less deviation from the 
equilibrium condition in which the growth direction is along the [0002]. 
 
Fig.  5-18: The effect of duty cycle and the solution composition on the preferential orientation of 
samples. The duty cycle was increased by shortening the period of toff while ton was constant and 
the same for both series. The solution compositions was 5x10-4 M Zn(NO3)2 with (blue circles) and 
without (red triangles) the addition of 0.1 M NaNO3. 
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Under thermodynamic equilibrium conditions, a plane with higher surface energy 
is usually small in area, while the lower energy planes are larger [30]. In the case 
of ZnO, the basal planes are polar and theoretical calculations show that (0001) 
has the highest surface energy [171]. The polarity of basal planes in c-oriented 
crystals plays an important role in their stability [178]. Moreover, it is well known 
that pH effects surface tension, cleavage energy and surface energy. Hence, since 
the surface energy of planes changes with pH, the stability of planes varies with 
pH; accordingly, the preferential orientation changes with pH in a way to attain a 
more stable condition. Apparently, with increasing pH the surface energy 
difference among the planes is reduced. Thus the preferential orientation along 
[0002] is restricted. 
It is noteworthy that in all but two of the studied samples the texture coefficient 
along [0002] has the highest value among all directions and it is only the 
proportional texture coefficient of planes that changes and influences the 
preferential orientation of samples. For the two exception cases, the texture 
coefficient along [1013] was higher than along [0002], and this occurred under 
the experimental conditions which should have led to the highest possible pH 
value in this study; i.e., 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 and the longest 
period of ton (10 s while toff was 10 s) and toff (12.5 s while ton was 5 s). It is also 
worth mentioning that very high Ci and σ were achieved under conditions wherein 
the solution only composed of 5x10-4 M Zn(NO3)2 and short periods of ton and toff 
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in the range of 0.1 were employed. This implies that the growth along the c-axis is 
more preferred in lower pH levels.  
In contrast to this study, Nomura et al. [66, 67] have reported a change in 
preferential orientation with increasing the toff. However, it should be noted that 
these authors employed a very long toff compare to ton (with a ratio of 9990 or 990 
ms to 10 ms) together with very large current densities (10, 100, and 1000 mA 
cm-2) wherein the pH increases dramatically. Accordingly, the surface energy, i.e., 
stability of planes varies with pH.   
In the mechanism proposed in Section 4.2, it was discussed that the average NW 
diameter decreases with increasing current density or nitrate concentration. 
However, as above-mentioned, the growth along the c-axis is more preferred in 
low basic pH levels. These two points together lead to a logical conclusion that: 
achieving very thin nanowires along the c-axis is a great challenge or very 
unlikely by a simple electrodeposition method. 
5.2.2. TEM Investiagtions 
The structural properties of single ZnO nanowires were also analyzed by TEM. 
Fig.  5-19 shows bright field TEM images of representative nanowires deposited 
from unstirred 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 and 5x10-4 M Zn(NO3)2 
solutions under -1.1 mAcm-2, ton = 0.1 s and toff = 0.2 s pulse parameters. The 
corresponding SAED patterns of NWs can be indexed to wurtzite structure of 
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hexagonal ZnO (inset of Fig.  5-19 a and c). These patterns also indicate the 
single-crystalline nature of the deposited NWs and also the preferential growth 
along c-axis. Lattice fringes of (0001) and (0002) planes with an interplanar 
spacing of 0.52 nm and 0.26 nm, respectively, are clearly illustrated in the HR-
TEM images (Fig.  5-19 b and d) which further prove that NWs grow along the c-
axis. Altogether, the TEM images of all studied samples show that irrespective of 
deposition conditions, the as-grown NWs are single-crystalline with no variations 
in the lattice spacings. 
 
Fig.  5-19: Bright field TEM images of single ZnO NW deposited from 5x10-4 M Zn(NO3)2 + 0.1 
M NaNO3 solution (a & b) and 5x10-4 M Zn(NO3)2 solution (c & d) at j = - 1.1 mA cm-2 and the 






5.3. Optical Properties 
To investigate the influence of pulse parameters on the optical properties of 
deposited ZnO NWs, the total transmittance (T) and reflectance (R) were 
measured over the spectrum range from 300 nm to 850 nm. Moreover, the 
absorption onset, hereafter referred to as “optical gap”, of samples was also 
estimated.  The peak position of the first derivative of absorptance (A = 1-R-T) 
with respect to wavelength corresponds to the optical gap.  
For the samples deposited from 5x10-4 M Zn(NO3)2 solutions, no significant 
change in the relative intensity of either transmittance (Fig.  5-20) or reflectance 
(Fig.  5-21) was observed as a function of ton or toff variation. In addition, no 
significant spectral shift in the position of maximum reflectance observed. 
 
Fig.  5-20: Transmittance of  NWs electrodeposited from 5x10-4 M Zn(NO3)2 solutions as a 




Fig.  5-21: Reflectance of NWs electrodeposited from 5x10-4 M Zn(NO3)2 solutions as a function of 
toff at j = - 1.1 mA cm-2, q = 2 C cm-2. ton was set at 0.1 s 
 
Contrary to these samples, the ones deposited from 5x10-4 M Zn(NO3)2 + 0.1 M 
NaNO3 solutions showed a different behavior. All samples deposited at a constant 
toff (regardless of whether this was a short or long period) showed a decrease in 
reflectance intensity as well as a blue shift in the wavelength of maximum 
reflectance as the ton period was increased. This is believed to be due to the 
reduction in both the average diameter and height of the NWs, as illustrated in the 
SEM images shown in Fig.  5-2 and Fig.  5-6. Fig.  5-22 illustrates this behavior for 
the samples deposited under both a long (10 s) and short (0.2 s) period of toff. This 
figure also shows that at the same duty cycle the intensity of the maximum 
reflectance of the samples deposited under shorter periods of toff (0.2 s) is higher 
than those deposited under long toff (10 s). This is due to shorter the height of the 
NWs deposited under longer periods of toff (10 s). Note that the duty cycle is 20% 
for the cases where ton = 0.05 s with toff = 0.2 s and ton = 2.5 s with toff = 10 s, 
whereas the duty cycle is 33% for the cases where ton = 0.1 s with toff = 0.5 s and 
ton = 5 s with toff = 10 s. 
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Fig.  5-22: Total reflectance from NWs electrodeposited from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 
solutions at j = - 1.1 mA cm-2. A clear blue shift in the wavelength of maximum reflectance as 
well as a decrease in intensity can be observed with increasing ton when toff is held constant. The 
figure also shows the effect of different periods of ton and toff for the same duty cycle on the total 
reflectance. Note that the duty cycle is 20% for the cases where ton = 0.05 s with toff = 0.2 s and ton 
= 2.5 s with toff = 10 s, whereas the duty cycle is 33% for the cases where ton = 0.1 s with toff = 0.5 
s and ton = 5 s with toff = 10 s.    
 
 
Fig.  5-23: Total reflectance of the samples electrodeposited from 5x10-4 M Zn(NO3)2 + 0.1 M 
NaNO3 solutions at j = - 1.1 mA cm-2 with a constant period of ton of 5 s. The reflectance is seen to 
increase and red shift as a function of toff. 
 
The samples deposited as a function of toff with a constant long period ton showed 
almost the opposite behavior, with the reflectance intensity increasing and the 
peak maximum red-shifting. Fig.  5-23 shows the effect of increasing the period of 
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toff when ton is fixed at 5 s. Again this effect can be explained by the SEM 
observations that both the average diameter and height increase with increasing 
toff (Fig.  5-7).  
On the contrary, when a short period of ton was used (0.1 s) the reflectance from 
the electrodeposited ZnO NWs showed a blue shift with a reduction in maximum 
reflectance as toff was increased (Fig.  5-24). This is consistent with the earlier 
SEM images showing that although in these cases the average diameter increases 
with toff, the height decreases significantly. Again, for the same duty cycle the 
intensity of the maximum reflectance of the samples deposited under short 
periods of ton (0.1 s) is higher than those deposited under longer ton. 
 
Fig.  5-24: Total reflectance of the samples electrodeposited from 5x10-4 M Zn(NO3)2 + 0.1 M 
NaNO3 solutions at j = - 1.1 mA cm-2 with a constant period of ton of 0.1 s. The reflectance is seen 
to increase and red shift as a function of toff 
 
Fig.  5-25 shows the optical transmission spectra for ZnO NWs grown with a 
33.3% duty cycle. Analysis of this and other optical transmission spectra of NWs 
prepared from 5x10-4 M Zn(NO3)2 + 0.1 M NaNO3 solutions indicates that at the 
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same duty cycle the samples deposited under longer periods of ton (5 s) or toff (10 
s) are generally more transparent due to shorter height and smaller diameter of 
these samples revealed in the earlier SEM images. Comparing the transmission 
spectra of the samples deposited from solutions with and without the addition of 
0.1 M NaNO3 shows that at the same duty cycle the additional nitrate ions lead to 
a higher transmittance, (Fig.  5-25). This is probably due to higher reflectance and 
absorption stemming from the higher heights and larger diameter of ZnO NW’s 
deposited in the absence of the additional nitrate (Fig.  5-9); Tena-Zaera et al [80] 
have demonstrated that optical absorption increases as a function of the NW’s 
height. It should be noted the transparency of the deposited ZnO NWs over the 
visible range is very high and almost touches 100% at 850 nm which is much 
higher than previously reported transmission for pulse electrodeposited ZnO films 
[66-68, 70] while the thickness of the presently deposited films is larger. This is 
an indication of higher quality of the films deposited in this study.  
 
Fig.  5-25: A comparison among the total transmittance of the ZnO NWs deposited at the same 
duty cycle but under different periods of ton and toff and from 5x10-4 M Zn(NO3)2 solutions with 
and without the addition of  0.1 M NaNO3. The duty cycle for these three samples is 33.3%. 
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The relation between the pulse parameters and the optical gap of the samples was 
also analyzed. The analysis revealed that in fact the optical gap does not change 
significantly with either ton or toff period. However, the optical gap was found to 
vary with the height of the NWs. Table  5-1 summarizes the established relation 
between the optical gap and the height of ZnO NWs deposited from solutions of 
5x10-4 M Zn(NO3)2 with and without the addition of 0.1 M NaNO3. It can be seen 
that increasing the height of NWs causes the optical gap to become narrower for 
both solutions. However, the samples deposited in the absence of additional 
nitrate demonstrate different optical gap dependencies on the height of NWs. 
Marotti et al [163] have also reported an inverse correlation between film 
thickness and the ZnO bandgap. 
Table  5-1: Relation between the optical gap and the height of ZnO NWs pulsed-current 
electrodeposited from 5x10-4 M Zn(NO3)2 solutions with and without the addition of 0.1 M NaNO3 
at -1.1 mA cm-2.  
NaNO3 (Mol dm-3) NW length (nm) Optical gap (eV) 
0.1 187 - 359 3.30 
0.1 451 - 839 3.28 
0.1 830 - 923 3.27 
0 673 - 998 3.28 
0 1166 - 1550 3.27 
0 >1655 3.25 
 
An explanation for different thickness dependency caused by the precursor 
solutions could be variation in carrier concentration or density of defects. 
Chatman et al [166] have demonstrated that in electrodeposition of ZnO samples 
from nitrate-base solutions, a lower overpotential leads to a higher net carrier 
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concentration; and, based on the Moss-Burstein effect, the higher doping level 
increases the bandgap. It is known that the deposition overpotential is increased 
by reducing the concentration of the solution [58]. In view of that, deposition in a 
lower concentration in the present study is expected to lead to a lower net carrier 
concentration and smaller optical gap.  
It is worth mentioning that Cui [27] has reported an inverse relationship between 
carrier concentration and additive concentration, hexamine, in electrodeposition 
of ZnO. Although this relationship does not explain the present observation in 
optical gap variation caused by the change in nitrate concentration, this might 
have arisen from the nature of the additive. Hence, the sole effect of the nitrate 
concentration needs to be investigated further. 
5.4. Comparison between CED and PED 
In Section 4.2, it was demonstrated that the mass variation is reduced with 
increasing current density. Moreover, from the collected data in that chapter, it 
was noticed that contrary to the growth rate (µcm min-1) along the c-axis, the 
deposition rate (µg min-1 cm-2) decreases with increasing current density. To 
examine whether PED can facilitate utilizing the electrodeposition method, the 
results obtained by CED have been compared with some of the results achieved 
by PED. For CED, only those NWs deposited at -0.25 and 0.5 mA cm-2 were 
considered because in the PED study the average current density for all deposited 
samples lies between -0.22 mA cm-2 and -0.55 mA cm-2.  As mentioned before, 
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since for a constant charge passed the mass variation represents the deposition 
efficiency, we have estimated the mass variation from the dimensions and density 
of NWs, assuming that the density of ZnO is 5.606 g cm-2, as the exact mass 
variation data was not available for all samples. 
 
 
Table  5-2 demonstrates the advantages of employing PED over CED. Comparing 
the data of CED with PED shows that the aspect ratio, deposition rate and growth 
rate have improved by PED. The optical gap values show that for similar heights, 
PED leads to more transparent samples. The integrated area under the 
transmittance spectra is a measure of the total transmitted light through the 
sample. Hence, a more accurate and detailed comparison between the samples 
deposited by CED and PED reveals that the area under the transmittance spectra 
of all PED samples are larger than the area under CED-1 (lowest current density), 
meaning all PED samples are more transparent than CED-1 regardless the 
diameter and height of the NWs.  
More interestingly, the PED-5 and PED-3 (without NaNO3) have a similar or 
even higher transparency than CED-2 in spite of having much bigger diameters 
and heights (Fig.  5-26). The samples of PED-1 and PED-4 are less transparent 
than PED-3 and PED-5, being similar to that of CED-2. The higher transmittance 
in PED samples is due to the lower reflectivity and absorption which most 
probably originates from the lower density of NWs in these samples. Hence, in 
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making any correlation between the absorption and the height of NWs, the density 
of NWs should be considered as well. 
A further comparison of CED-2 with PED-3 and PED-4 shows that by depositing 
for similar durations, around 4000 s, PED results in improvement of almost all the 
considered properties without using any additive. It is interesting to note that 
highest aspect ratio was fulfilled when the deposition temperature was 70 oC.  
Measuring the density of NWs of all studied samples revealed that it is possible to 
achieve a density of nanowires as high as 16.3x109 cm-2 (5x10-4 M Zn(NO3)2 + 
0.1 M NaNO3, j= -1.1 mA cm-2, ton = toff = 0.2 s), but this is usually only 
achievable when the aspect ratio is very low. In contrast, NWs with a high aspect 
ratio of 16.2 were obtained with PED by just changing the electrodeposition 
conditions (1x10-4 M Zn(NO3)2 + 0.1 M NaNO3, j= -1.1 mA cm-2, ton = 0.03s, toff 
= 0.06s) at the expense of a reduction in density of NWs.  
 
Fig.  5-26: A comparison between the transparency of samples deposited by PED and CED. 
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In general, by controlling the pulse parameters, PED facilitates achieving a higher 
aspect ratio, deposition efficiency, deposition rate, growth rate along c-axis, and 
also higher transmission at a much shorter time while the preferential orientation 
of the sample is retained or improved. More importantly, this method enables the 
saving of chemicals while improving the properties which would be beneficial for 
both industry and the environment. On the whole, these results open a promising 
avenue to pursue depositing high aspect ratio NWs of other materials with a 
higher deposition efficiency and deposition rate.     
5.5. Conclusion 
The pulsed-current electrodeposition of ZnO NWs was systematically studied as a 
function of ton, toff, and nitrate concentration. It was shown that by controlling the 
pulse parameters, it is possible to change the growth kinetics and growth behavior 
which accordingly influences the morphology, structural and optical properties of 
the ZnO nanostructures. In accordance with the proposed mechanism for the 
growth of NWs from nitrate-based solutions by CED, the local ratio between 
[OH-] and [Zn2+] plays the most important role in controlling the morphology, 
structural and optical properties, deposition efficiency, and deposition rate of 
pulsed-electrodeposited ZnO NWs.  
As to NTs, contrary to common belief that the dissolvability of NWs’ tips 
depends on the diameter size, it is proposed, based on the work presented in this 
thesis, that there is a threshold level of defects at which the dissolution begins 
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regardless of the diameter size. It was shown that any variation in local pH by 
manipulating the pulse parameters accounts for a change in the preferential 
orientation of samples. The results also suggest that achieving very thin NWs 
along the c-axis is very unlikely by electrodeposition.  
As to optical properties, the results indicate that controlling the pulse parameters 
may have a noticeable impact on the reflection properties of samples. Moreover, a 
thickness dependency for the optical gap of samples was established. Comparing 
the morphology, structural and optical properties of samples deposited by CED 
with the ones by PED demonstrates the supremacy of the latter deposition method 
of ZnO NWs. In general, pulse electrodeposition facilitates achieving high aspect 
ratio ZnO nanowires with a high deposition efficiency and high deposition rate 
while saving chemicals which is very interesting for large-scale production. This 
study opens up plenty of research opportunities to pursue the deposition of other 
materials by this method as the properties of those materials can be controlled by 
regulating pulse parameters which in turn enables to achieve materials with 




Table  5-2: A comparison between the results acquired by CED and PED at 80 oC in 5x10-4 M Zn(NO3)2 solutions with and without the 





















CED1 0.1 M -0.25 93 830 9.7 8.9 0.31 2.32 6.2 4.24 1.49 8000 3.27
CED2 0.1  M -0.5 64 431 14.0 6.7 0.11 1.63 6.5 3.82 1.28 4000 3.29
PED1 0.1 M -1.1 71 839 12.7 11.8 0.24 3.15 11.1 2.94 1.04 4545 3.28
PED2 0.001 M -1.1 82 979 7.6 11.9 0.22 2.44 10.8 -- -- 5454 --
PED3 0 -1.1 77 834 7.7 10.8 0.17 2.77 13.8 4.07 1.42 3636 3.28
PED4 0 -1.1 87 954 6.2 11.0 0.19 2.57 12.6 3.79 1.33 4545 3.28
PED5* 0 -1.1 74 925 7.1 12.4 0.16 1.75 10.2 4.14 1.45 5454 3.27
 
j: Current density;   D: Average diameter;   H: Average height;   D.o.N: Density of nanowires;   A.R: Aspect ratio;   Mass. V: Mass 
variation;   Depos. R: Deposition rate;   Grow. R: Growth rate along the c-axis;   Cii: Texture coefficient along c-axis;   σ: degree of 
preferential orientation of the sample;   t: Total duration of experiment;   Eg: Optical gap;   *Deposited at 70 oC. 
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6. Chapter 6: Electrodeposition of Hierarchical Structures 
6.1. Morphology 
The key to achieving branched ZnO structures is the ability to induce nucleation 
of new crystals on the side planes of the primary ZnO NWs or NRs. Accordingly, 
four different strategies were investigated for the application of a seed layer on 
the primary ZnO NWs including: 
1. Spray pyrolysis of ZnO nanoparticles (NPs) 
2. Spin coating of ZnO NPs  
3. Dipping in solution of ZnO NPs  
4. Electrodeposition of ZnO film from ionic liquid solutions 
In order to get a uniform and stable seed layer, a range of application conditions 
were tried for the strategies 1 to 3 while maintaining the concentration and 
composition of the NP’s solution. Only a few attempts were made with the 
dipping method because SEM characterization did not show any sign of seed 
layer deposition nor was it found to be a controllable and reproducible method. As 
to spraying, both the number of cycles and the periods of spraying were varied, 
after which the second electrodeposition step was carried out to form the 
hierarchical structures. However, none of these attempts led to the formation of a 
branched hierarchical structure. Two reasons could be given. First, the diffusion 
of spray solution into the space among NWs seems unlikely. Second, from the 
experience of applying a ZnO seed layer on FTO, the growth direction of ZnO 
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films deposited by this method is along [0002]. Hence, the deposited film on the 
top of the NWs does not promote nucleation in other directions.  
6.1.1. Deposition of ZnO seed layer by spin-coating 
As with spray-pyrolysis experiments, the effects of different parameters were 
tested. However, few of these attempts led to the formation of a branched 
hierarchical ZnO structure while the other attempts resulted in other changes.  Fig. 
 6-1 and Fig.  6-2 respectively show that the diameter and height of the primary 
NWs has increased after the final step, i.e., the second electrodeposition step. Two 
reasons can be given for this lack of success: first, very low concentration of the 
Zn precursor in the NPs solution (0.00658 M) for spin-coating step and / or high 
speed of spinning leading to very small NPs having high surface energy; second, 
dissolution of deposited NPs (Fig.  6-1 b) in the second electrodeposition step due 
to the high pH level at the surface of the cathode along with low temperature 
annealing (less crystallization).  
 
Fig.  6-1: The change in the morphology and diameter of electrodeposited ZnO NWs in different 
steps. a) primary electrodeposited ZnO NWs; b) after spin coating of ZnO NPs for 1 cycle (30 s) at 
2000 rpm, then annealing at 150 oC for 5 min; c) after ZnO electrodeposition on spin-coated 
sample. The arrows in Fig. b show the effect of spin coating on the roughness of NWs. 
b) a) c) 
100 nm 100 nm 100 nm 
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Fig.  6-2: The change in the height of the electrodeposited NWs. a) primary electrodeposited ZnO 
NWs; b) after spin coating of ZnO NPs for 10 cycles (30 s at 2000 rpm + annealing at 150 oC for 5 
min) and then second ZnO electrodeposition.  
 
Recently, after this section of work was completed for the thesis, Qiu et al. [91] 
have reported the fabrication of branched hierarchical ZnO NWs by a similar spin 
coating procedure. However, they used a much higher concentration of Zn 
precursor (0.75 M) in making solution for the spin-coating step, leading to larger 
nucleation sites and a thicker and more stable seed layer, in general. Moreover, 
they carried out the annealing at 300 oC for 10 min to obtain better crystallization 
and attachment to the primary ZnO NWs. Thus, compare to the procedure 
employed in this study, it seems these two factors enabled them to achieve a 
branched hierarchical ZnO NWs. It should be noted that the use of a very high 
concentration for the NP solution leads to agglomeration and precipitation. 
Interestingly, when the rotation speed in the present study was reduced from 2000 
rpm to 500 rpm, even using a low concentration of Zn precursor led to the 
formation of a seed layer and, in turn, a hierarchical structure, Fig.  6-3. However, 
it seems obtaining a conformal and stable seed layer by this strategy needs more 
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systematic research to study the different influential parameters including 
concentration of Zn precursor, rotation speed, ramping speed and also annealing 
temperature and period.     
 
Fig.  6-3: Hierarchical structure at two different points of a sample fabricated by a 
electrodeposition-spin coating-electrodeposition strategy. The spin coating was carried out for 10 
cycles (30 s rotation at 500 rpm and annealing at 150 oC for 5 min). The magnification of both 
images is the same. 
 
6.1.2. Electrodeposition of ZnO film from ionic liquid solutions 
In view of the need for a facile, efficient and economical method for fabrication 
of hierarchical ZnO nanostructure, a three-step fully electrochemical process was 
designed by combining the use of aqueous and ionic liquid electrolytes. 
Employing electrodeposition from ionic liquids enables a ZnO film with a 
different growth direction other than [0002] to be achieved [143]. Hence, the 
method may have the advantage of promoting nucleation over both the side and 
basal planes of primary ZnO NWs. This is as opposed to using ZnO 
electrodeposition from aqueous solutions usually leads to the same growth 
direction and structure as the primary ZnO NWs, in other words it is not able to 
promote nucleation on the side planes.  
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In the first step, ZnO NWs were electrodeposited from an aqueous media, 5x10-4 
M ZnCl2 + 0.1 M KCl solution saturated with oxygen at constant voltage based on 
FTO substrates previously coated with a seed layer by spray pyrolysis [34]. Then 
a ZnO seed layer was electrodeposited from an ionic liquid based electrolyte, in 
this case  PYR14TFSI as the electrodeposition media was used with (Zn(TFSI)2) 
as the Zn2+ source. For the case of nitrate-based deposition  PYR14Cl was used as 
a precursor for PYR14NO3 synthesis and for the case of oxygen-based deposition, 
the solution was saturated with O2 [143]. In the last step, ZnO electrodeposition 
was again performed in aqueous media with the same composition as the first 
step, resulting in the growth of secondary NWs. The nucleation of the latter NWs 
was dominated by the properties of the nanocrystalline shell that acted as a seed 
layer.  
Fig.  6-4 shows an example of constant diameter and mushroom-like 
nanostructures that were obtained by depositing ZnO from ionic liquid electrolyte 
saturated with oxygen on the primary ZnO NWs. As seen, ZnO from this step has 
been electrodeposited only on the tips of NWs as the process was controlled by 
mass diffusion. Hence, secondary NWs are only seen around the tips (Fig.  6-4 c).  
Similar mushroom-like nanostructure was obtained from ZnO electrodeposition in 
nitrate-based electrolytes. However, the morphology of secondary NWs deposited 
in the third step is different and NWs perpendicular to the side walls are also seen 
(Fig.  6-5). These perpendicular NWs indicate a rather conformal seed layer on the 
primary NWs. However, this seed layer has not covered the side walls fully. 
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Hence, the concentration of PYR14NO3 was increased to enhance the diffusion in 
the electrolyte and obtain a fully covering conformal seed layer. Fig.  6-6-a shows 
a conformal seed layer on the primary ZnO NWs. Fig.  6-6-b illustrates a branched 
hierarchical microstructure achieved after ZnO electrodeposition from the 
aqueous electrolyte. 
 
Fig.  6-4: Changes in morphology of ZnO NWs in a three-step fabrication of hierarchical ZnO 
nanostructures; a) primary ZnO NWs electrodeposited from aqueous solution at V = -1 V, q = 10 
C cm-2, 70 oC; b) ZnO electrodeposition from ionic liquid electrolyte saturated with oxygen on 
primary NWs at 150 oC for q= 0.2 C cm-2; c) second electrodeposition from aqueous solution at  
V = -1 V, q= 5 C cm-2 on ZnO seed layer. 
 
  
Fig.  6-5: Changes in morphology of ZnO NWs in a three-step fabrication of hierarchical ZnO 
nanostructures; Primary ZnO NWs electrodeposited from aqueous solution at V = -1 V, q = 10 C 
cm-2 like in previous figure; a) top-view of ZnO electrodeposition from nitrate-based ionic liquid 
electrolyte at 150 oC for q= 0.1 C cm-2; b) side-view after the last electrodeposition step performed 






Fig.  6-6: Electrodeposition of conformal seed layer and branched-hierarchical microstructure. a) 
top-view of conformal ZnO seed layer electrodeposited from a higher concentration of PYR14NO3 
compare to Fig.  6-5 (nitrate-based ionic liquid electrolyte) and at 150 oC for q= 0.1 C cm-2; b) 
branched hierarchical ZnO microstructure obtained after the second electrodeposition in aqueous 
solution at V = -1 V, q = 5 C cm-2. Inset of image (a) shows the roughness of NWs after the 
second step at a higher magnification (2.5X). Inset of image (b) shows branched hierarchical NW 
at a higher magnification (2.5X) 
  
Fig.  6-7 illustrates the major steps involved in the electrochemical procedure for 
preparation of hierarchical 1D nanostructures and also the mechanism inferred 
from the above observations. The templates are prepared by electrodepositing 
ZnO NWs onto glass/FTO/ZnO-coated substrates. Next, ZnO seed layer is 
electrodeposited from ionic liquid electrolytes onto the ZnO NWs. As a result, a 
conformal layer of ZnO or a mushroom-like morphology is obtained. The 
mushroom-like shape can be explained through a diffusion limitation process 
which may occur during electrodeposition from ionic liquid electrolytes. When 
the concentration of OH- precursor in the electrolyte is low, the diffusion of OH- 
precursor is slow compare to the deposition kinetic. Accordingly, deposition 
preferably occurs at the top of the ZnO NWs, resulting in a mushroom-like 
morphology. However, when the rate of diffusion is comparable to the deposition 
kinetic, a conformal seed layer is formed over the primary NWs. In other words, 
based on this mechanism, simply by controlling the mass diffusion and kinetic in 
electrodeposition of seed layer, different morphologies can be obtained. In the last 
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step, the electrodeposition is performed in aqueous solutions resulting in different 
hierarchical morphologies. it is obvious that based on the proposed mechanism in 
Chapter 4, similar strategies can also be applied in the step  to control the 
distribution of the secondary NWs along the coated ZnO NWs. 
 
Fig.  6-7: Schematic three-step electrochemical deposition, with the middle step being from an 
ionic liquid, of hierarchical 1D nanostructures. 
 
6.2. Structural Properties 
6.2.1. XRD Investigations 
Fig.  6-8 illustrates a representative XRD patterns of primary and hierarchical ZnO 
micro/nano-structures fabricated in this study. Both patterns can be indexed to the 
hexagonal wurtzite structure of ZnO [157] and tetragonal SnO2 from the FTO 
substrate [158]. The sharp and intense diffraction peaks indicate that the sample is 
highly crystalline. The intensity of (0002) peak in hierarchical structure shown in 
Fig.  6-5 has increased compare to primary structure. However, it is not the case 
for the hierarchical structures shown in Fig.  6-3 and Fig.  6-4 wherein, in contrast, 
the peak intensity along [0002] has decreased in comparison with the primary 
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structure, which may imply that the preferential orientation of these samples has 
changed. Further detailed XRD analysis and TEM investigations are required to 
study the effect of the seed layer on growth direction of the secondary NWs.  
 
Fig.  6-8: XRD patterns of primary and hierarchical structures shown in Fig.  6-5. The primary and 
secondary ZnO NWs electrodeposited from aqueous solutions saturated with oxygen at V = -1 V,  
q = 10 C cm-2 and q= 5 C cm-2, respectively. The seed layer electrodeposited from nitrate-based 
ionic liquid electrolyte at 150 oC for q= 0.1 C cm-2. 
 
Fig.  6-9: XRD patterns of primary and hierarchical ZnO micro/nanostructure shown in Fig.  6-4. 
The primary and secondary ZnO NWs electrodeposited from aqueous solutions saturated with 
oxygen at V = -1 V, q = 10 C cm-2 and q= 5 C cm-2, respectively, 70 oC. The seed layer deposited 
from ionic liquid electrolyte saturated with oxygen on primary NWs at 150 oC for q= 0.2 C cm-2 
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6.3. Optical Properties 
Fig.  6-10 and Fig.  6-11 show typical optical transmittance and reflectance spectra 
of the primary and hierarchical micro/nano-structures studied in this work; 
specifically the transmittance and reflectance of the sample shown in Fig.  6-4. As 
seen in Fig.  6-10, the hierarchical structure has induced a reduction in 
transmittance from that of the primary NWs by 10% to 20%. This is mainly due to 
an increase in light scattering induced by secondary NWs, as can be observed 
from the reflectance spectrum (Fig.  6-11). The reflectivity of hierarchical 
structure has almost doubled over the entire studied wavelength range. This is a 
very attractive feature for applications like sensitized solar cells because light 
scattering may enhance the role of the sensitizer and in turn lead to a higher 
efficiency.  
 
Fig.  6-10: Transmittance of primary and hierarchical ZnO micro/nano-structure shown in Fig.  6-4. 
Primary ZnO NWs was electrodeposited from aqueous solution at V = -1 V, q = 10 C cm-2, 70 oC.  
Hierarchical structure was obtained by electrodeposition of secondary NWs from aqueous solution 
at V = -1 V, q = 5 C cm-2 on ZnO seed layer electrodeposited from ionic liquid electrolyte 




Fig.  6-11: Reflectance of primary and hierarchical ZnO micro/nano-structure shown in Fig.  6-4. 
Primary ZnO NWs was electrodeposited from aqueous solution at V = -1 V, q = 10 C cm-2, 70 oC.  
Hierarchical structure was obtained by electrodeposition of secondary NWs from aqueous solution 
at V = -1 V, q = 5 C cm-2 on ZnO seed layer electrodeposited from ionic liquid electrolyte 
saturated with oxygen. 
 
6.4. Conclusion  
It was demonstrated that coating the primary NWs with a seed layer plays a vital 
role in achieving hierarchical structure. The deposition of ZnO seed layer by spin 
coating was demonstrated but this needs more investigation to obtain a conformal 
and stable seed layer.    
The electrodeposition of ZnO seed layer from ionic-liquid based electrolytes 
exhibits a great potential to influence the growth of the secondary nanostructures 
and consequently on the microstructural properties of the resulting 1-D 
hierarchical nanostructures. All in all, an electrochemical based three-step 
deposition process was successfully developed for the first time to obtain 
hierarchical structures. However, further investigation is still required to exploit 
the great potential of this method in controlling the morphology of final 
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hierarchical structures and also to study the structural and optical properties of 
these micro/nano-structures in detail. This process is expected to provide new 

















7. Chapter 7: Electrodeposition of ZnO Nanotubes 
7.1. Morphology 
7.1.1. Auto Conversion of Electrodeposited NRs to NTs  
Fig.  7-1 illustrates the formation of ZnO nanotubes (NTs) electrodeposited from 
0.01 M Zn(NO3)2 + 0.05 M NH4Cl at 80 oC and V= -1.05 V vs. SCE for 105 min 
directly on FTO. In fact, it is only the tips of the nanorods (NRs) which have been 
converted to NTs. It was observed that when the voltage was increased to either 
-1.1 V or -1.15 V or when the temperature was increased to 90 oC, only intact 
NRs were formed while at lower voltages down to -0.9 V, the formation of NTs 
was observed. In other words, single-step or auto conversion of NRs to NTs is 
only obtained under a narrow range of experimental conditions.  
 
Fig.  7-1: ZnO semi-NTs obtained by a single step electrodeposition from 0.01 M Zn(NO3)2 +  




Tang et al. [102] have reported the single-step electrodeposition of ZnO NTs from 
0.0001 M ZnCl2 + 0.1 M KCl saturated with oxygen, T= 80 oC, V= -0.7 V vs. 
SCE, and t= 90 min. However, there is no other report on single-step 
electrodeposition of ZnO NTs, implying this method is very difficult or 
irreproducible [96]. It seems more likely that similar to this present study, the NTs 
observed by Tang et al. [102] were, in fact, NRs which have been converted to 
NTs at the tips by dissolution of the cores. 
As explained in Chapter 5, when the Pourbaix diagram of zinc is displayed in 3D 
[169] this clearly indicates the stability range of Zn(OH)2 and/or ZnO narrows 
more and more with decreasing Zn2+ concentration (Fig.  7-2).  
 
Fig.  7-2: 3-D (left) and 2-D (right) Pourbaix diagrams of Zn at 25oC. The third dimension in 3-D 
diagram shows the logarithmic variation of Zn2+ concentration between 10-6 M and 1 M. The 2-D 
diagram represents the Pourbaix diagram when the concentration of Zn2+ is 10-6 M. The volume 
highlighted in blue in 3-D diagram shows the conditions under which Zn(OH)2 is 
thermodynamically stable, taken from Burstein  et al. [169].  
 
Based on this predominant dependency on Zn2+ concentration, it seems both in 
this study and the study by Tang et al. the low concentration of Zn2+ and also the 
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local change in pH value at the very end of the experiment leads to dissolution of 
ZnO. This dissolution happens at the surfaces which are more unstable (i.e. 
having higher surface energy). In other words, the dissolution preferentially 
occurs over the core of NRs, resulting in a tubular structure [95, 100]. 
To examine this hypothesis, the electrodeposition time was decreased from 105 
min to 60 min. Fig.  7-3 shows the initiation stage of dissolution preferentially 
over the NRs’s core. This observation confirms that the reduction in Zn2+ 
concentration over the electrodeposition time could be one of the main reasons for 
the onset of dissolution or the change in stability of ZnO NRs. 
 
Fig.  7-3: The initiation stage of dissolution over the core of NRs. ZnO NRs electrodeposited from 
0.01 M Zn(NO3)2 + 0.05 M NH4Cl at 80 oC and V= -1.05 V for 60 min on bare FTO. 
 
Yu et al. [105] have also proposed the low concentration of precursor, 
Zn(NH3)42+, as the main reason for formation of NTs. In brief, these authors have 
explained that when the concentration of precursor becomes low, the precursor 
ions are attracted to the edges of the top layer because the electric field on the 
edges is stronger than on the top surface. The precursors are then proposed to 
attach to top edges and as this continues, NTs are, eventually, formed. However, 
Fig.  7-3 provides compelling evidence that the preferential dissolution over the 
400 nm 200 nm
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core area is the reason for NTs formation, rejecting the hypothesis of preferential 
attachment of precursor ions to the edges and direct growth of the NTs. 
In general, all the above reviewed studies on single-step electrodeposition of ZnO 
NTs are either irreproducible or difficult to reproduce. Moreover, the shallow 
depth of the hole at the tips of NRs limits using such nanostructures for 
applications seeking ordered nanostructures with very high surface area.  
7.1.2. Reproducible Single-Step Electrodeposition of ZnO NTs  
In pursuit of a reproducible electrodeposition method for fabricating ZnO NTs 
over a wider range of parameters, a method was developed wherein the acidic or 
basic agent is added to the electrodeposition solution during the process.  
In the first attempt, the electrodeposition was carried out in a 0.01 M Zn(NO3)2 + 
0.05 M NH4Cl solution at 80 oC and V= -1.05 V on bare FTO for 60 min. After 
30 min, two drops of concentrated HNO3 acid was added to the electrodeposition 
solution without stirring. The change in pH value of the bulk solution was from 5 
to 2 (pH paper). Fig.  7-4 shows the SEM images of produced NTs. As seen, not 
only the cores of NRs but also the walls and contours of the basal planes have 
been dissolved implying that the solution had become too acidic. It should be 
noted that the cores of NRs have been almost fully dissolved, and, in some areas, 
NTs have been fully removed.  
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Fig.  7-4: Electrodeposition of ZnO NTs by adding two drops of concentrated HNO3 acid to the 
electrodeposition solution after 30 min to reduce the pH to about pH 2. Electrodeposition was 
carried out in a 0.01 M Zn(NO3)2 + 0.05 M NH4Cl solution (without stirring) at 80 oC and V=  
-1.05 V on bare FTO for 60 min. 
 
In another experiment, 0.2 cm3 of 0.1 M HNO3 was added close to the left edge of 
the sample without stirring the solution (50 cm3) after 30 min, the other 
electrodeposition conditions were kept constant. The change in pH value of the 
bulk solution estimated from 5 to 2.5 using paper pH indicator. Fig.  7-5 shows 
SEM images of produced NTs. It can be seen that the whole surface of the 
electrode is covered with NTs or NRs. NTs were formed at the side wherein the 
acid was added while at the other side NRs were deposited. In between of these 
two regions, a transition of NRs to NTs is seen in Fig.  7-6.  
To improve the rate of ZnO deposition, the electrodeposition voltage was 
increased to -1.1 V. The other experimental conditions were kept constant except 
the amount of added acid was also increased to 0.5 cm3. The final pH of the bulk 
solution was estimated to be 3 by paper pH indicator. Interestingly, from Fig.  7-7 
it can be seen that the walls and contours of edges of the top basal plan remained 
500 nm 
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intact, but the holes inside the NRs had a shallower depth. In this case the NRs 
which are further from the location of acid addition show the initiation of 
dissolution process very clearly (Fig.  7-8).  
 
Fig.  7-5: Electrodeposition of ZnO NTs by adding 0.2 cm3 of 0.1 M HNO3 acid to 50 cm3 of 
electrodeposition solution after 30 min. Electrodeposition was carried out in a 0.01 M Zn(NO3)2 + 
0.05 M NH4Cl solution (without stirring) at 80 oC and V= -1.05 V on bare FTO for 60 min. The 
acid drop was added close to the left edge of the substrate, with this image being taken of that side. 
NRs were observed on the right hand side of the substrate. 
 
 
Fig.  7-6: Transition from NRs to NTs during electrodeposition of ZnO NTs by adding 0.2 cm3 of 
0.1 M HNO3 acid to 50 cm3 of electrodeposition solution after 30 min. Electrodeposition was 
carried out in a 0.01 M Zn(NO3)2 + 0.05 M NH4Cl solution (without stirring) at 80 oC and V=  
-1.05 V on bare FTO for 60 min. The acid was added close to the left edge of the substrate. This 
image has been taken from around the centerline of the substrate, with NT being formed to the left 
and NRs to the right.  




Fig.  7-7: Electrodeposition of ZnO NTs by adding 0.5 cm3 of 0.1 M HNO3 acid to 50 cm3 of 
electrodeposition solution after 30 min. Electrodeposition was carried out in a 0.01 M Zn(NO3)2 + 
0.05 M NH4Cl solution (without stirring) at 80 oC and V= -1.1 V on bare FTO for 60 min. The 
acid was added close to the left edge of the substrate. 
 
 
Fig.  7-8: Transition from NRs to NTs during electrodeposition of ZnO NTs by adding 0.5 cm3 of 
0.1 M HNO3 acid to 50 cm3 of electrodeposition solution after 30 min. Electrodeposition was 
carried out in a 0.01 M Zn(NO3)2 + 0.05 M NH4Cl solution (without stirring) at 80 oC and V= -1.1 
V on bare FTO for 60 min. The acid drop was added close to the left edge of the substrate. This 
image has been taken further from the location of acid addition. 
 
These elementary experiments provide clear evidence that there is an opportunity 
to fabricate NTs in a single electrochemical step. However, achieving well-
defined NTs requires a systematic study. One possible strategy to achieve a 




[101] systematically studied the effect of concentration and temperature of 
etching solution, KCl, and also etching time. Finally, these authors employed 
another electrodeposition step after the etching step to repair NTs attacked by 
excessive etching. These authors have suggested that the attacked contours of NTs 
act as preferred nucleation sites for re-growth of hollow NRs, i.e., NTs. The single 
step deposition of NTs discussed in present study has the advantage of using the 
one solution and also simultaneous dissolution of cores and repair of walls and 
contours compare to the strategy employed by Cembrero et al. 
7.2. Structural Properties 
7.2.1. XRD Investigation  
X-ray diffraction analyses show that the samples of electrodeposited ZnO NTs are 
crystalline, which is consistent with dissolution of the cores of the NRs that were 
already shown to be crystalline in Chapter 4. Fig.  7-9 illustrates XRD pattern of 
electrodeposited NTs by adding 0.5 cm3 of 0.1 M HNO3 acid to 50 cm3 of 
electrodeposition solution after 30 min.  The diffraction peaks can be indexed to 
those of ZnO wurtzite structure [157] in addition to tetragonal SnO2 from the FTO 
substrate [158]. Compared to the NRs in Chapter 4, the peak of (101
-
 1) of the NT’s 
has a comparable intensity to that of (0002). This is because the core of NRs, 




Fig.  7-9: XRD pattern of electrodeposited ZnO NTs by adding 0.5 cm3 of 0.1 M HNO3 acid to 50 
cm3 of electrodeposition solution after 30 min. Electrodeposition was carried out in a 0.01 M 
Zn(NO3)2 + 0.05 M NH4Cl solution (without stirring) at 80 oC and V= -1.1 V on bare FTO for 60 
min. Peaks with (*) symbol represents tetragonal SnO2 of the FTO substrate and the rest are 
attributed to wurtzite ZnO of the NTs. 
 
7.2.2. TEM Investigations 
The structural properties of single ZnO NT were also analyzed by TEM. Fig.  7-10 
shows bright field TEM image of representative NT fabricated by adding 0.5 cm3 
of 0.1 M HNO3 acid to 50 cm3 of electrodeposition solution after 30 min. 
Electrodeposition was carried out in a 0.01 M Zn(NO3)2 + 0.05 M NH4Cl solution 
(without stirring) at 80 oC and V= -1.05 V on bare FTO for 60 min.   
Lattice fringes of (0001) planes with an interplanar spacing of 0.52 nm are clearly 
illustrated in the HR-TEM image (Fig.  7-10 b) proving that primary NRs grow 
along the c-axis and that it is the dissolving of their cores that leads to the 
formation of NTs. The corresponding SAED pattern (Fig.  7-10 c) confirms the 
single-crystalline nature of the fabricated NTs.  
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Fig.  7-10: (a) Bright field TEM image of electrodeposited ZnO NTs by adding 0.5 cm3 of 0.1 M 
HNO3 acid to 50 cm3 of electrodeposition solution after 30 min. Electrodeposition was carried out 
in a 0.01 M Zn(NO3)2 + 0.05 M NH4Cl solution (without stirring) at 80 oC and V= -1.05 V on bare 
FTO for 60 min. (b) HR-TEM image of pointed area in part (a). Selected area electron diffraction 
pattern of the same location as in (b). 
 
7.3. Conclusion  
It was shown that there is a small window of the electrodeposition parameters that 
makes it possible to directly electrodeposit ZnO NTs. However, this direct 
method is not very reproducible and the depth of fabricated NTs is shallow. Since 
the common two-step method of depositing ZnO NTs is associated with some 
extra work and additional cost, a reproducible single-step deposition of ZnO NTs 
was developed. This method has the advantage of simultaneous dissolution of 
cores and repair of walls and contours within one solution. Adding small volumes 
of diluted acids to electrodeposition solution during the process makes the single-
step formation of NTs more reproducible and also broadens the window of the 
experimental parameters that can be optimized. However, to fully exploit this 
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method and achieve uniform NTs over the whole surface, a systematic study is 
recommended. These preliminary experiments clearly show that there is an 












8. Chapter 8: Conclusions and Future Works 
8.1. Conclusions 
The electrodeposition and growth mechanism of ZnO nanowires from nitrate-
based solution were systematically studied. A model for the ZnO nanowire 
growth mechanism was proposed, distinguishing two different regimes where it is 
controlled by either the Zn2+ mass transport or the OH- generation rates. The 
proposed mechanism represents a valuable insight into ZnO nanowire 
electrodeposition from nitrate based solutions and represents the key contribution 
of this work. This mechanism is significant because it also provides a novel 
strategy to achieve higher deposition efficiencies, in comparison to the O2 based 
route, while still controlling the diameter of the NWs. In general, the 
electrodeposition from nitrate solutions provides a versatile, economical and 
large-scalable method to fabricate ZnO NWs with tailored dimensions, opening 
up wide possibilities for their use as building blocks in different optoelectronic 
applications. 
This work has provided clear evidence that there is an inverse correlation between 
preferential orientation of ZnO-samples along [0002] and the ratio between OH- 
and Zn2+. In other words, the degree of preferential orientation of ZnO NWs along 
the c-axis decreases with increasing the ratio between OH- and Zn2+. 
Another contribution of this work is that the pulsed-current electrodeposition of 
ZnO NWs was systematically studied as a function of ton, toff, and nitrate 
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concentration. In accordance with the proposed mechanism for the growth of 
NWs from nitrate-based solutions by CED, the local ratio between [OH-] and 
[Zn2+] also plays the most important role in controlling the morphology, structural 
and optical properties, deposition efficiency and deposition rate of pulsed-
electrodeposited ZnO NWs.  
Comparing the morphology, structural and optical properties of samples deposited 
by CED with the ones by PED demonstrates the supremacy of the latter 
deposition method of ZnO NWs. In general, pulse electrodeposition facilitates 
achieving high aspect ratio ZnO nanowires with a high deposition efficiency and 
high deposition rate, while saving chemicals which should be very interesting for 
large-scale industrial production. This initial study has opened-up plenty of 
research opportunities to pursue the deposition of other materials by pulse 
electrodeposition method. The properties of these PED materials can be 
controlled by regulating the pulse parameters, which in turn enables one to obtain 
materials with optimized qualities for specific applications.  
A further important contribution of this study is that it is the first to propose that 
there is a threshold level of defects that must be exceeded before dissolution of 
NW tips begins and that this level is independent of the diameter size. This is 
contrary to the present common belief that the dissolvability of NWs’ tips 
depends on the diameter size.  
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It was also demonstrated that coating the primary NWs with a seed layer plays a 
vital role in achieving hierarchical structures. Although it was concluded that 
spray pyrolysis and dip coating methods do not have the potential of employing 
for seed layer application, the deposition of ZnO seed layer by spin-coating and 
from ionic-liquid based electrolytes was successfully demonstrated. The latter 
method exhibits a great potential to influence the growth of the secondary 
nanostructures and consequently on the microstructural properties of the resulting 
1-D hierarchical nanostructures. Another contribution of this study is that a three-
step all electrochemical deposition process was successfully developed to obtain 
hierarchical structures. This process is expected to provide new opportunities for 
technological applications for ZnO hierarchical structures such as in solar cells 
and photonic devices.  
The final important contribution of this work was the development of a 
reproducible single-step deposition process for ZnO NTs. This method has the 
advantage of simultaneous dissolution of cores and repair of walls and contours 
within one solution. This study proves that the mechanism of NTs formation is 
dissolution of the cores and not the buildup of ZnO at the edges as has been 
suggested by other researchers. All in all, this method may provide a more facile 
strategy for large scale production of ZnO NTs structures. 
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8.2. Future Works 
8.2.1. Electrodeposition of ZnO from Pure Nitrate-Based Solutions 
1. Although the presented mechanism is of crucial importance in 
electrodeposition of ZnO NWs from nitrate based solutions, further 
effective control over the process could be achieved by performing 
thermodynamic calculations to draw related 3D Pourbaix diagrams and 
also speciation plots. This would lead to a fundamental understanding of 
stability and solubility ranges. The third axis in 3D diagrams could be 
temperature, nitrate concentration or zinc concentration. 
2. It was stated that the change in nitrate concentration may have an effect on 
density of defects. It was also stated that the density of defects and carrier 
concentration in ZnO films strongly depend on preparation methods. 
Hence, understanding the main influential parameters on adsorption edge 
or bandgap energy needs further detailed investigations by 
photoluminescence, Raman spectroscopy, electrochemical impedance 
spectroscopy, detailed XRD studies and perhaps by measuring the 
resistivity of the ZnO films. 
8.2.2. Electrodeposition of Hierarchical Structures 
1. To achieve a conformal and stable seed layer by spin-coating more 
systematic research is required to study the different influential parameters 
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including concentration of Zn precursor, rotation speed, ramping speed 
and also the temperature and period of annealing.     
2. Further investigation is still required to exploit the great potential of 
electrodeposition of the seed layer from ionic liquid electrolytes. It having 
been demonstrated that this has the potential to control the morphology of 
the final hierarchical structures. Additional investigations into the 
structural and optical properties of these micro/nano-structures in detail 
would also be of great interest.   
3. Further detailed XRD analysis and TEM investigations are required to 
study the effect of the electrodeposited seed layer from ionic liquid 
electrolytes on growth  direction of the secondary NWs.  
8.2.3. Electrodeposition of ZnO NTs 
1. The preliminary experiments showed that there is an opportunity of 
fabricating ZnO NTs in a single electrochemical step. However, to fully 
exploit this method and achieve uniform NTs over the whole surface, a 







1. Ellmer, K. and A. Klein, ZnO and Its Applications, in Transparent Conductive Zinc 
Oxide, K. Ellmer, A. Klein, and B. Rech, Editors. 2008, Springer Berlin Heidelberg. p. 1-
33. 
2. Schmidt-Mende, L. and J.L. MacManus-Driscoll, ZnO – nanostructures, defects, and 
devices. Materials Today, 2007. 10(5): p. 40-48. 
3. Özgür, Ü., Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Dogan, V. Avrutin, S.-J. 
Cho, and H. Morkoç, A comprehensive review of ZnO materials and devices Journal of 
Applied Physics, 2005. 98(4): p. 041301-041404. 
4. Mohammad, M.T., A.A. Hashim, and M.H. Al-Maamory, Highly conductive and 
transparent ZnO thin films prepared by spray pyrolysis technique. Materials Chemistry 
and Physics, 2006. 99(2–3): p. 382-387. 
5. Khunsin, W., M. Scharrer, L. Aagesen, S.G. Romanov, R.P.H. Chang, and C.M.S. 
Torres. Linear and possible non-linear suppression of near-UV emission in ZnO inverted 
opal structures. in Lasers and Electro-Optics, 2007 and the International Quantum 
Electronics Conference. CLEOE-IQEC 2007. European Conference on. 2007. 
6. Xiang, H.J., J. Yang, J.G. Hou, and Q. Zhu, Piezoelectricity in ZnO nanowires: A first-
principles study. Applied Physics Letters, 2006. 89(22): p. 223111-3. 
7. Onodera, A., Novel Ferroelectricity in II-VI Semiconductor ZnO. Ferroelectrics, 2002. 
267(1): p. 131-137. 
8. Nguyen Hoa, H., S. Joe, and B. Virginie, Observation of ferromagnetism at room 
temperature in ZnO thin films. Journal of Physics: Condensed Matter, 2007. 19(3): p. 
036219. 
9. Behan, A.J., J.R. Neal, R.M. Ibrahim, A. Mokhtari, M. Ziese, H.J. Blythe, A.M. Fox, and 
G.A. Gehring, Magneto-optical and transport studies of ZnO-based dilute magnetic 
semiconductors. Journal of Magnetism and Magnetic Materials, 2007. 310(2, Part 3): p. 
2158-2160. 
10. Zhiyong, F. and J.G. Lu, Chemical sensing with ZnO nanowire field-effect transistor. 
Nanotechnology, IEEE Transactions on, 2006. 5(4): p. 393-396. 
11. Wang, J.X., X.W. Sun, Y. Yang, H. Huang, Y.C. Lee, O.K. Tan, and L. Vayssieres, 
Hydrothermally grown oriented ZnO nanorod arrays for gas sensing applications. 
Nanotechnology, 2006. 17(19): p. 4995. 
12. Gyu-Chul, Y., W. Chunrui, and P. Won Il, ZnO nanorods: synthesis, characterization 
and applications. Semiconductor Science and Technology, 2005. 20(4): p. S22. 
13. Coleman, V.A. and C. Jagadish, Chapter 1 - Basic Properties and Applications of ZnO, 
in Zinc Oxide Bulk, Thin Films and Nanostructures, J. Chennupati and P. Stephen, 
Editors. 2006, Elsevier Science Ltd: Oxford. p. 1-20. 
14. Djurisic, A.B., X. Chen, Y.H. Leung, and A. Man Ching Ng, ZnO nanostructures: 
growth, properties and applications. Journal of Materials Chemistry, 2012. 22(14): p. 
6526-6535. 
15. Tian, Z.R., J.A. Voigt, J. Liu, B. McKenzie, M.J. McDermott, M.A. Rodriguez, H. 
Konishi, and H. Xu, Complex and oriented ZnO nanostructures. Nature Materials, 2003. 
2(12): p. 821-826. 
16. Liu, J., G. Cao, Z. Yang, D. Wang, D. Dubois, X. Zhou, G.L. Graff, L.R. Pederson, and 
J.-G. Zhang, Oriented Nanostructures for Energy Conversion and Storage. 
ChemSusChem, 2008. 1(8-9): p. 676-697. 
17. Park, W.I., D.H. Kim, S.-W. Jung, and G.-C. Yi, Metalorganic vapor-phase epitaxial 
growth of vertically well-aligned ZnO nanorods. Applied Physics Letters, 2002. 80(22): 
p. 4232-4234. 
18. Zúñiga-Pérez, J., A Rahm, C. Czekalla, J. Lenzner, M. Lorenz, and M. Grundmann, 
Ordered growth of tilted ZnO nanowires: morphological, structural and optical 
characterization. Nanotechnology, 2007. 18(19): p. 195303. 
163 
19. Vayssieres, L., Growth of Arrayed Nanorods and Nanowires of ZnO from Aqueous 
Solutions. Advanced Materials, 2003. 15(5): p. 464-466. 
20. Kokotov, M. and G. Hodes, Reliable chemical bath deposition of ZnO films with 
controllable morphology from ethanolamine-based solutions using KMnO4 substrate 
activation. Journal of Materials Chemistry, 2009. 19(23): p. 3847-3854. 
21. Joo, J., B.Y. Chow, M. Prakash, E.S. Boyden, and J.M. Jacobson, Face-selective 
electrostatic control of hydrothermal zinc oxide nanowire synthesis. Nat Mater, 2011. 
10(8): p. 596-601. 
22. Liu, B. and H.C. Zeng, Hydrothermal Synthesis of ZnO Nanorods in the Diameter 
Regime of 50 nm. Journal of the American Chemical Society, 2003. 125(15): p. 4430-
4431. 
23. Yi, J.B., H. Pan, J.Y. Lin, J. Ding, Y.P. Feng, S. Thongmee, T. Liu, H. Gong, and L. 
Wang, Ferromagnetism in ZnO Nanowires Derived from Electro-deposition on AAO 
Template and Subsequent Oxidation. Advanced Materials, 2008. 20(6): p. 1170-1174. 
24. Heo, Y.W., D.P. Norton, and S.J. Pearton, Origin of green luminescence in ZnO thin film 
grown by molecular-beam epitaxy. Journal of Applied Physics, 2005. 98(7): p. 073502-
073502-6. 
25. Kim, K.-K., J.-H. Song, H.-J. Jung, W.-K. Choi, S.-J. Park, and J.-H. Song, The grain 
size effects on the photoluminescence of ZnO/α-Al2O3 grown by radio-frequency 
magnetron sputtering. Journal of Applied Physics, 2000. 87(7): p. 3573-3575. 
26. Kong, Y.C., D.P. Yu, B. Zhang, W. Fang, and S.Q. Feng, Ultraviolet-emitting ZnO 
nanowires synthesized by a physical vapor deposition approach. Applied Physics Letters, 
2001. 78(4): p. 407-409. 
27. Cui, J., Defect Control and Its Influence on the Exciton Emission of Electrodeposited 
ZnO Nanorods. The Journal of Physical Chemistry C, 2008. 112(28): p. 10385-10388. 
28. Izaki, M. and T. Omi, Transparent zinc oxide films prepared by electrochemical reaction. 
Applied Physics Letters, 1996. 68(17): p. 2439-2440. 
29. Peulon, S. and D. Lincot, Cathodic electrodeposition from aqueous solution of dense or 
open-structured zinc oxide films. Advanced Materials, 1996. 8(2): p. 166-170. 
30. Wang, Z.L., Zinc oxide nanostructures: growth, properties and applications. Journal of 
Physics: Condensed Matter, 2004. 16(25): p. R829. 
31. Xu, S. and Z. Wang, One-dimensional ZnO nanostructures: Solution growth and 
functional properties. Nano Research, 2011. 4(11): p. 1013-1098. 
32. Li, W.-J., E.-W. Shi, W.-Z. Zhong, and Z.-W. Yin, Growth mechanism and growth habit 
of oxide crystals. Journal of Crystal Growth, 1999. 203(1–2): p. 186-196. 
33. Demianets, L.N., D.V. Kostomarov, I.P. Kuz’mina, and S.V. Pushko, Mechanism of 
growth of ZnO single crystals from hydrothermal alkali solutions. Crystallography 
Reports, 2002. 47(1): p. S86-S98. 
34. Tena-Zaera, R., J. Elias, C. Levy-Clement, I. Mora-Sero, Y. Luo, and J. Bisquert, 
Electrodeposition and impedance spectroscopy characterization of ZnO nanowire arrays. 
Physica Status Solidi (A) Applications and Materials, 2008. 205(10): p. 2345-2350. 
35. Pauporté, T. and D. Lincot, Hydrogen Peroxide Oxygen Precursor for Zinc Oxide 
Electrodeposition I. Deposition in Perchlorate Medium. Journal of the Electrochemical 
Society, 2001. 148: p. C310. 
36. Otani, S., J. Katayama, H. Umemoto, and M. Matsuoka, Effect of bath temperature on the 
electrodeposition mechanism of zinc oxide film from zinc nitrate solution. Journal of the 
Electrochemical Society, 2006. 153(8): p. 551-556. 
37. Goux, A., T. Pauporte, J. Chivot, and D. Lincot, Temperature effects on ZnO 
electrodeposition. Electrochimica Acta, 2005. 50(11): p. 2239-2248. 
38. Xu, F., Y. Lu, Y. Xie, and Y. Liu, Controllable morphology evolution of electrodeposited 
ZnO nano/micro-scale structures in aqueous solution. Materials & Design, 2009. 30(5): 
p. 1704-1711. 
39. Xu, L., Y. Guo, Q. Liao, J. Zhang, and D. Xu, Morphological Control of ZnO 
Nanostructures by Electrodeposition. The Journal of Physical Chemistry B, 2005. 
109(28): p. 13519-13522. 
164 
40. Ingham, B., B.N. Illy, and M.P. Ryan, Direct Observation of Distinct Nucleation and 
Growth Processes in Electrochemically Deposited ZnO Nanostructures Using in Situ 
XANES. The Journal of Physical Chemistry C, 2008. 112(8): p. 2820-2824. 
41. Elias, J., R. Tena-Zaera, and C. Levy-Clement, Electrochemical deposition of ZnO 
nanowire arrays with tailored dimensions. Journal of Electroanalytical Chemistry, 2008. 
621(2): p. 171-177. 
42. Tena-Zaera, R., J. Elias, G. Wang, and C. Levy-Clement, Role of chloride ions on 
electrochemical deposition of ZnO nanowire arrays from O2 reduction. Journal of 
Physical Chemistry C, 2007. 111(45): p. 16706-16711. 
43. Elias, J., R. Tena-Zaera, and C. Levy-Clement, Effect of the chemical nature of the 
anions on the electrodeposition of ZnO nanowire arrays. Journal of Physical Chemistry 
C, 2008. 112(15): p. 5736-5741. 
44. Postels, B., A. Bakin, H.H. Wehmann, M. Suleiman, T. Weimann, P. Hinze, and A. 
Waag, Electrodeposition of ZnO nanorods for device application. Applied Physics A, 
2008. 91(4): p. 595-599. 
45. Yang, J., Y. Qiu, and S. Yang, Studies of Electrochemical Synthesis of Ultrathin ZnO 
Nanorod/Nanobelt Arrays on Zn Substrates in Alkaline Solutions of Amine−Alcohol 
Mixtures. Crystal Growth & Design, 2007. 7(12): p. 2562-2567. 
46. Chen, H., W. Li, Q. Hou, H. Liu, and L. Zhu, A general deposition method for ZnO 
porous films: Occlusion electrosynthesis. Electrochimica Acta, 2011. 56(25): p. 9459-
9466. 
47. Liu, Z., L. E, J. Ya, and Y. Xin, Growth of ZnO nanorods by aqueous solution method 
with electrodeposited ZnO seed layers. Applied Surface Science, 2009. 255(12): p. 6415-
6420. 
48. Cao, B., X. Teng, S.H. Heo, Y. Li, S.O. Cho, G. Li, and W. Cai, Different ZnO 
Nanostructures Fabricated by a Seed-Layer Assisted Electrochemical Route and Their 
Photoluminescence and Field Emission Properties. The Journal of Physical Chemistry C, 
2007. 111(6): p. 2470-2476. 
49. Guo, M., C. Yang, M. Zhang, Y. Zhang, T. Ma, X. Wang, and X. Wang, Effects of 
preparing conditions on the electrodeposition of well-aligned ZnO nanorod arrays. 
Electrochimica Acta, 2008. 53(14): p. 4633-4641. 
50. Inamdar, A.I., S.H. Mujawar, S.R. Barman, P.N. Bhosale, and P.S. Patil, The effect of 
bath temperature on the electrodeposition of zinc oxide thin films via an acetate medium. 
Semiconductor Science and Technology, 2008. 23(8): p. 085013. 
51. Pradhan, D. and K.T. Leung, Vertical Growth of Two-Dimensional Zinc Oxide 
Nanostructures on ITO-Coated Glass: Effects of Deposition Temperature and Deposition 
Time. The Journal of Physical Chemistry C, 2008. 112(5): p. 1357-1364. 
52. Belghiti, H.E., T. Pauporté, and D. Lincot, Mechanistic study of ZnO nanorod array 
electrodeposition. physica status solidi (a), 2008. 205(10): p. 2360-2364. 
53. Elias, J., R. Tena-Zaera, and C. Lévy-Clément, Electrodeposition of ZnO nanowires with 
controlled dimensions for photovoltaic applications: Role of buffer layer. Thin Solid 
Films, 2007. 515(24): p. 8553-8557. 
54. Wu, J.-J., R.-C. Chang, and C.-C. Lin, Influences of Metal-Precoated Layers on Pulsed 
Current Electrodeposition of ZnO Nanorods on Indium Tin Oxide Substrates. Journal of 
the Electrochemical Society, 2008. 155(12): p. D771-D776. 
55. Wei, S., J. Lian, X. Chen, and Q. Jiang, Effects of seed layer on the structure and 
property of zinc oxide thin films electrochemically deposited on ITO-coated glass. 
Applied Surface Science, 2008. 254(20): p. 6605-6610. 
56. Canava, B. and D. Lincot, Nucleation effects on structural and optical properties of 
electrodeposited zinc oxide on tin oxide. Journal of Applied Electrochemistry, 2000. 
30(6): p. 711-716. 
57. Ramirez, D., P. Bartlett, M. Abdelsalam, H. Gomez, and D. Lincot, Electrochemical 
synthesis of macroporous zinc oxide layers by employing hydrogen peroxide as oxygen 
precursor. Physica Status Solidi (A) Applications and Materials, 2008. 205(10): p. 2365-
2370. 
165 
58. Yoshida, T., D. Komatsu, N. Shimokawa, and H. Minoura, Mechanism of cathodic 
electrodeposition of zinc oxide thin films from aqueous zinc nitrate baths. Thin Solid 
Films, 2004. 451-452: p. 166-169. 
59. Wellings, J.S., N.B. Chaure, S.N. Heavens, and I.M. Dharmadasa, Growth and 
characterisation of electrodeposited ZnO thin films. Thin Solid Films, 2008. 516(12): p. 
3893-3898. 
60. Mahalingam, T., V.S. John, and P.J. Sebastian, Growth and characterization of 
electrosynthesised zinc oxide thin films. Materials Research Bulletin, 2003. 38(2): p. 269-
277. 
61. Izaki, M., Preparation of Transparent and Conductive Zinc Oxide Films by Optimization 
of the Two-Step Electrolysis Technique. Journal of the Electrochemical Society, 1999. 
146(12): p. 4517-4521. 
62. Chen, Q.-P., M.-Z. Xue, Q.-R. Sheng, Y.-G. Liu, and Z.-F. Ma, Electrochemical Growth 
of Nanopillar Zinc Oxide Films by Applying a Low Concentration of Zinc Nitrate 
Precursor. Electrochemical and Solid-State Letters, 2006. 9(3): p. C58-C61. 
63. Sun, S., S. Jiao, K. Zhang, D. Wang, S. Gao, H. Li, J. Wang, Q. Yu, F. Guo, and L. Zhao, 
Nucleation effect and growth mechanism of ZnO nanostructures by electrodeposition 
from aqueous zinc nitrate baths. Journal of Crystal Growth, 2012. 359(0): p. 15-19. 
64. Khajavi, M.R., D.J. Blackwood, G. Cabanero, and R. Tena-Zaera, New insight into 
growth mechanism of ZnO nanowires electrodeposited from nitrate-based solutions. 
Electrochimica Acta, 2012. 69(0): p. 181-189. 
65. Ibl, N., Some theoretical aspects of pulse electrolysis. Surface Technology, 1980. 10(2): 
p. 81-104. 
66. Nomura, K., N. Shibata, and M. Maeda, Preparation of Zinc Oxide Thin Films by Pulsed 
Current Electrolysis. Journal of the Electrochemical Society, 2002. 149(7): p. F76-F80. 
67. Nomura, K., N. Shibata, and M. Maeda, Orientation control of zinc oxide films by pulsed 
current electrolysis. Journal of Crystal Growth, 2002. 235(1-4): p. 224-228. 
68. Klochko, N., G. Khrypunov, Y. Myagchenko, E. Melnychuk, V. Kopach, E. Klepikova, 
V. Lyubov, and A. Kopach, Controlled Growth of one-dimensional zinc oxide 
nanostructures in the pulsed electrodeposition mode. Semiconductors, 2012. 46(6): p. 
825-831. 
69. Inamdar, A.I., A.C. Sonavane, S.K. Sharma, H. Im, and P.S. Patil, Nanocrystalline zinc 
oxide thin films by novel double pulse single step electrodeposition. Journal of Alloys and 
Compounds, 2010. 495(1): p. 76-81. 
70. Tolosa, M.D.R., J. Orozco-Messana, L.C. Damonte, and M.A. Hernandez-Fenollosa, ZnO 
Nanoestructured Layers Processing with Morphology Control by Pulsed 
Electrodeposition. Journal of the Electrochemical Society, 2011. 158(7): p. D452-D455. 
71. Hempelmann, R. and H. Natter, Nanostructured Metals and Alloys Deposited from Ionic 
Liquids, in Electrodeposition from Ionic Liquids. 2008, Wiley-VCH Verlag GmbH & Co. 
KGaA. p. 213-238. 
72. Ursache, A., J.T. Goldbach, T.P. Russell, and M.T. Tuominen, Pulse electrodeposition 
and electrochemical quartz crystal microbalance techniques for high perpendicular 
magnetic anisotropy cobalt nanowire arrays. Journal of Applied Physics, 2005. 97(10): 
p. 10J322. 
73. Natter, H. and R. Hempelmann, Tailor-made nanomaterials designed by electrochemical 
methods. Electrochimica Acta, 2003. 49(1): p. 51-61. 
74. Hu, C.-C., K.-H. Chang, Y.-T. Wu, C.-Y. Hung, C.-C. Lin, and Y.-T. Tsai, Pulse 
deposition of large area, patterned manganese oxide nanowires in variable aspect ratios 
without templates. Electrochemistry Communications, 2008. 10(11): p. 1792-1796. 
75. Huang, L. Li, X. Luo, Zhu, and Li, Orientation-Controlled Synthesis and 
Ferromagnetism of Single Crystalline Co Nanowire Arrays. The Journal of Physical 
Chemistry C, 2008. 112(5): p. 1468-1472. 
76. Huang, G.S., X.G. Cui, R.G. Cao, and Y.F. Mei, Structural evolvement of ZnO 
nanoporous films fabricated using prolonged electrodeposition under pulsed voltages. 
Physics Letters A, 2011. 375(42): p. 3716-3719. 
166 
77. Lee, J. and Y. Tak, Electrodeposition of ZnO on ITO Electrode by Potential Modulation 
Method. Electrochemical and Solid-State Letters, 2001. 4(9): p. C63-C65. 
78. Dunkel, C., F. Lüttich, H. Graaf, T. Oekermann, and M. Wark, Investigation of the pulsed 
electrochemical deposition of ZnO. Electrochimica Acta, 2012. 80(0): p. 60-67. 
79. Law, M., L.E. Greene, J.C. Johnson, R. Saykally, and P. Yang, Nanowire dye-sensitized 
solar cells. Nat Mater, 2005. 4(6): p. 455-459. 
80. Tena-Zaera, R., J. Elias, and C. Lvy-Clment, ZnO nanowire arrays: Optical scattering 
and sensitization to solar light. Applied Physics Letters, 2008. 93(23): p. 233119. 
81. Lévy-Clément, C., J. Elias, and R. Tena-Zaera, ZnO/CdSe nanowires and nanotubes: 
formation, properties and applications. physica status solidi (c), 2009. 6(7): p. 1596-
1600. 
82. Xu, C., J. Wu, U.V. Desai, and D. Gao, Multilayer Assembly of Nanowire Arrays for 
Dye-Sensitized Solar Cells. Journal of the American Chemical Society, 2011. 133(21): p. 
8122-8125. 
83. Chen, H.-Y., D.-B. Kuang, and C.-Y. Su, Hierarchically micro/nanostructured 
photoanode materials for dye-sensitized solar cells. Journal of Materials Chemistry, 
2012. 22(31): p. 15475-15489. 
84. Wen, Z. and J. Li, Hierarchically structured carbon nanocomposites as electrode 
materials for electrochemical energy storage, conversion and biosensor systems. Journal 
of Materials Chemistry, 2009. 19(46): p. 8707-8713. 
85. Sounart, T.L., J. Liu, J.A. Voigt, M. Huo, E.D. Spoerke, and B. McKenzie, Secondary 
Nucleation and Growth of ZnO. Journal of the American Chemical Society, 2007. 
129(51): p. 15786-15793. 
86. Lu, F., W. Cai, and Y. Zhang, ZnO Hierarchical Micro/Nanoarchitectures: Solvothermal 
Synthesis and Structurally Enhanced Photocatalytic Performance. Advanced Functional 
Materials, 2008. 18(7): p. 1047-1056. 
87. Lao, J.Y., J.G. Wen, and Z.F. Ren, Hierarchical ZnO Nanostructures. Nano Letters, 
2002. 2(11): p. 1287-1291. 
88. Chou, T.P., Q. Zhang, G.E. Fryxell, and G.Z. Cao, Hierarchically Structured ZnO Film 
for Dye-Sensitized Solar Cells with Enhanced Energy Conversion Efficiency. Advanced 
Materials, 2007. 19(18): p. 2588-2592. 
89. Lu, X.-H., D. Wang, G.-R. Li, C.-Y. Su, D.-B. Kuang, and Y.-X. Tong, Controllable 
Electrochemical Synthesis of Hierarchical ZnO Nanostructures on FTO Glass. The 
Journal of Physical Chemistry C, 2009. 113(31): p. 13574-13582. 
90. Xu, L., Q. Chen, and D. Xu, Hierarchical ZnO Nanostructures Obtained by 
Electrodeposition. The Journal of Physical Chemistry C, 2007. 111(31): p. 11560-11565. 
91. Qiu, J., M. Guo, Y. Feng, and X. Wang, Electrochemical deposition of branched 
hierarchical ZnO nanowire arrays and its photoelectrochemical properties. 
Electrochimica Acta, 2011. 56(16): p. 5776-5782. 
92. Guerin, V.-M. and T. Pauporte, From nanowires to hierarchical structures of template-
free electrodeposited ZnO for efficient dye-sensitized solar cells. Energy & 
Environmental Science, 2011. 4(8): p. 2971-2979. 
93. Li, G.-R., X.-H. Lu, D.-L. Qu, C.-Z. Yao, F.-l. Zheng, Q. Bu, C.-R. Dawa, and Y.-X. 
Tong, Electrochemical Growth and Control of ZnO Dendritic Structures. The Journal of 
Physical Chemistry C, 2007. 111(18): p. 6678-6683. 
94. Tena-Zaera, R., J. Elias, C. Levy-Clement, C. Bekeny, T. Voss, I. Mora-Sero, and J. 
Bisquert, Influence of the potassium chloride concentration on the physical properties of 
electrodeposited ZnO nanowire arrays. Journal of Physical Chemistry C, 2008. 112(42): 
p. 16318-16323. 
95. She, G.-W., X.-H. Zhang, W.-S. Shi, X. Fan, J.C. Chang, C.-S. Lee, S.-T. Lee, and C.-H. 
Liu, Controlled synthesis of oriented single-crystal ZnO nanotube arrays on transparent 
conductive substrates. Applied Physics Letters, 2008. 92(5): p. 053111. 
96. Gan, X., X. Li, X. Gao, and W. Yu, Investigation on chemical etching process of ZnO 
nanorods toward nanotubes. Journal of Alloys and Compounds, 2009. 481(1-2): p. 397-
401. 
167 
97. She, G., X. Zhang, W. Shi, X. Fan, and J.C. Chang, Electrochemical/chemical synthesis 
of highly-oriented single-crystal ZnO nanotube arrays on transparent conductive 
substrates. Electrochemistry Communications, 2007. 9(12): p. 2784-2788. 
98. Xu, F., J. Chen, L. Guo, S. Lei, and Y. Ni, In situ electrochemically etching-derived ZnO 
nanotube arrays for highly efficient and facilely recyclable photocatalyst. Applied 
Surface Science, 2012. 258(20): p. 8160-8165. 
99. Xu, L., Q. Liao, J. Zhang, X. Ai, and D. Xu, Single-crystalline ZnO nanotube arrays on 
conductive glass substrates by selective disolution of electrodeposited ZnO nanorods. 
Journal of Physical Chemistry C, 2007. 111(12): p. 4549-4552. 
100. Elias, J., R. Tena-Zaera, G.-Y. Wang, and C. Levy-Clement, Conversion of ZnO 
nanowires into nanotubes with tailored dimensions. Chemistry of Materials, 2008. 
20(21): p. 6633-6637. 
101. Cembrero, J., D. Busquets-Mataix, E. Rayón, M. Pascual, M.A. Pérez-Puig, and B. Marí, 
Control parameters on the fabrication of ZnO hollow nanocolumns. Materials Science in 
Semiconductor Processing, 2013. 16(1): p. 211-216. 
102. Tang, Y., L. Luo, Z. Chen, Y. Jiang, B. Li, Z. Jia, and L. Xu, Electrodeposition of ZnO 
nanotube arrays on TCO glass substrates. Electrochemistry Communications, 2007. 9(2): 
p. 289-292. 
103. Pradhan, D. and K.T. Leung, Controlled Growth of Two-Dimensional and One-
Dimensional ZnO Nanostructures on Indium Tin Oxide Coated Glass by Direct 
Electrodeposition. Langmuir, 2008. 24(17): p. 9707-9716. 
104. Illy, B.N., B. Ingham, and M.P. Ryan, Effect of Supersaturation on the Growth of Zinc 
Oxide Nanostructured Films by Electrochemical Deposition. Crystal Growth & Design, 
2010. 10(3): p. 1189-1193. 
105. Yu, L., G. Zhang, S. Li, Z. Xi, and D. Guo, Fabrication of arrays of zinc oxide nanorods 
and nanotubes in aqueous solution under an external voltage. Journal of Crystal Growth, 
2007. 299(1): p. 184-188. 
106. Mukherjee, N., S.F. Ahmed, K.K. Chattopadhyay, and A. Mondal, Role of solute and 
solvent on the deposition of ZnO thin films. Electrochimica Acta, 2009. 54(16): p. 4015-
4024. 
107. Xu, F., Y. Lu, Y. Xie, and Y. Liu, Seed layer-free electrodeposition and characterization 
of vertically aligned ZnO nanorod array film. Journal of Solid State Electrochemistry. 
14(1): p. 63-70. 
108. Milhano, C. and D. Pletcher, The Electrochemistry and Electrochemical Technology of 
Nitrate, in Modern Aspects of Electrochemistry, No. 45, R.E. White, Editor. 2009, 
Springer New York. p. 1-61. 
109. Katsounaros, I. and G. Kyriacou, Influence of the concentration and the nature of the 
supporting electrolyte on the electrochemical reduction of nitrate on tin cathode. 
Electrochimica Acta, 2007. 52(23): p. 6412-6420. 
110. Katsounaros, I. and G. Kyriacou, Influence of nitrate concentration on its 
electrochemical reduction on tin cathode: Identification of reaction intermediates. 
Electrochimica Acta, 2008. 53(17): p. 5477-5484. 
111. de Vooys, A.C.A., R.A. van Santen, and J.A.R. van Veen, Electrocatalytic reduction of 
NO3- on palladium/copper electrodes. Journal of Molecular Catalysis A: Chemical, 2000. 
154(1–2): p. 203-215. 
112. Reyter, D., D. Bélanger, and L. Roué, Study of the electroreduction of nitrate on copper 
in alkaline solution. Electrochimica Acta, 2008. 53(20): p. 5977-5984. 
113. Nobial, M., O. Devos, O.R. Mattos, and B. Tribollet, The nitrate reduction process: A 
way for increasing interfacial pH. Journal of Electroanalytical Chemistry, 2007. 600(1): 
p. 87-94. 
114. Bouzek, K., M. Paidar, A. Sadílková, and H. Bergmann, Electrochemical reduction of 
nitrate in weakly alkaline solutions. Journal of Applied Electrochemistry, 2001. 31(11): 
p. 1185-1193. 
168 
115. Bockris, J.O.M. and J. Kim, Electrochemical Reductions of Hg(II), Ruthenium-Nitrosyl 
Complex, Chromate, and Nitrate in a Strong Alkaline Solution. Journal of the 
Electrochemical Society, 1996. 143(12): p. 3801-3808. 
116. Paidar, M., K. Bouzek, and H. Bergmann, Influence of cell construction on the 
electrochemical reduction of nitrate. Chemical Engineering Journal, 2002. 85(2–3): p. 
99-109. 
117. Li, M., C. Feng, Z. Zhang, and N. Sugiura, Efficient electrochemical reduction of nitrate 
to nitrogen using Ti/IrO2–Pt anode and different cathodes. Electrochimica Acta, 2009. 
54(20): p. 4600-4606. 
118. Horányi, G. and E.M. Rizmayer, Electrocatalytic reduction of NO2− and NO3− ions at a 
platinized platinum electrode in alkaline medium. Journal of Electroanalytical Chemistry 
and Interfacial Electrochemistry, 1985. 188(1–2): p. 265-272. 
119. Izaki, M. and T. Omi, Electrolyte Optimization for Cathodic Growth of Zinc Oxide Films. 
Journal of the Electrochemical Society, 1996. 143(3): p. L53-L55. 
120. Izaki, M. and T. Omi, Characterization of Transparent Zinc Oxide Films Prepared by 
Electrochemical Reaction. Journal of the Electrochemical Society, 1997. 144(6): p. 1949-
1952. 
121. Budevski, E., G. Staikov, and W.J. Lorenz, Initial Stages of Bulk Phase Formation, in 
Electrochemical Phase Formation and Growth. 2007, Wiley-VCH Verlag GmbH. p. 149-
199. 
122. Paunovic, M. and M. Schlesinger, Nucleation and Growth Models, in Fundamentals of 
Electrochemical Deposition. 2005, John Wiley & Sons, Inc. p. 113-138. 
123. de Groot, M.T. and M.T.M. Koper, The influence of nitrate concentration and acidity on 
the electrocatalytic reduction of nitrate on platinum. Journal of Electroanalytical 
Chemistry, 2004. 562(1): p. 81-94. 
124. Lee, J., S.C. Nam, and Y. Tak, On the origin of electrodeposition mechanism of ZnO on 
ITO substrate. Korean Journal of Chemical Engineering, 2005. 22(1): p. 161-164. 
125. Lee, S.-J., S.K. Park, C.R. Park, J.Y. Lee, J. Park, and Y.R. Do, Spatially Separated ZnO 
Nanopillar Arrays on Pt/Si Substrates Prepared by Electrochemical Deposition. The 
Journal of Physical Chemistry C, 2007. 111(32): p. 11793-11801. 
126. Natter, H. and R. Hempelmann, Nanocrystalline Copper by Pulsed Electrodeposition:  
The Effects of Organic Additives, Bath Temperature, and pH. The Journal of Physical 
Chemistry, 1996. 100(50): p. 19525-19532. 
127. Stojek, Z., The Electrical Double Layer and Its Structure in Electroanalytical Methods, 
F. Scholz, Editor. 2010, Springer Berlin Heidelberg. p. 3-9. 
128. Chandrasekar, M.S. and M. Pushpavanam, Pulse and pulse reverse plating—Conceptual, 
advantages and applications. Electrochimica Acta, 2008. 53(8): p. 3313-3322. 
129. Groysman, A., Corrosion Mechanism and Corrosion Factors, in Corrosion for 
Everybody. 2010, Springer Netherlands. p. 1-51. 
130. Puippe, J.C. and N. Ibl, Influence of charge and discharge of electric double layer in 
pulse plating. Journal of Applied Electrochemistry, 1980. 10(6): p. 775-784. 
131. Uno, K., T. Kanda, M. Aisu, T. Asaoka, T. Ina, I. Tanaka, and M. Yamashita, 
Investigation of electric double layer and crystal shapes of electrochemically grown zinc 
oxide. physica status solidi (c), 2008. 5(9): p. 3141-3143. 
132. Trimbos, H.F.A. and H.N. Stein, The zno/aqueous solution interface. I. Capacity of the 
double layer. Journal of Colloid and Interface Science, 1980. 77(2): p. 386-396. 
133. Trimbos, H.F.A. and H.N. Stein, The zno/aqueous solution interface. II. mechanism of 
the slow process. Journal of Colloid and Interface Science, 1980. 77(2): p. 397-406. 
134. Nielsch, K., F. Müller, A.P. Li, and U. Gösele, Uniform Nickel Deposition into Ordered 
Alumina Pores by Pulsed Electrodeposition. Advanced Materials, 2000. 12(8): p. 582-
586. 
135. Yin, K.M., A Theoretical Analysis of the Effect of Inert Blocking Agent on the 
Galvanostatic Pulse Plating. Journal of the Electrochemical Society, 1998. 145(11): p. 
3851-3856. 
169 
136. Roy, S. and D. Landolt, Determination of the practical range of parameters during 
reverse-pulse current plating. Journal of Applied Electrochemistry, 1997. 27(3): p. 299-
307. 
137. Choo, R.T.C., J.M. Toguri, A.M. El-Sherik, and U. Erb, Mass transfer and 
electrocrystallization analyses of nanocrystalline nickel production by pulse plating. 
Journal of Applied Electrochemistry, 1995. 25(4): p. 384-403. 
138. Rudolph, M., T. Loewenstein, E. Arndt, Y. Zimmermann, A. Neudeck, and D. 
Schlettwein, Pulsed electrodeposition of porous ZnO on Ag-coated polyamide filaments. 
Physical Chemistry Chemical Physics, 2009. 11(17): p. 3313-3319. 
139. Huang, X., G. Li, L. Duan, L. Li, X. Dou, and L. Zhang, Formation of ZnO nanosheets 
with room-temperature ferromagnetism by co-doping with Mn and Ni. Scripta Materialia, 
2009. 60(11): p. 984-987. 
140. Gupta, M., D. Pinisetty, J.C. Flake, and J.J. Spivey, Pulse Electrodeposition of Cu–ZnO 
and Mn–Cu–ZnO Nanowires. Journal of the Electrochemical Society, 2010. 157(9): p. 
D473-D478. 
141. George, A., A.W. Maijenburg, M.G. Maas, D.H.A. Blank, and J.E. ten Elshof, 
Electrodeposition in Capillaries: Bottom-up Micro- and Nanopatterning of Functional 
Materials on Conductive Substrates. ACS Applied Materials & Interfaces, 2011. 3(9): p. 
3666-3672. 
142. Huang, X., G. Li, B. Cao, M. Wang, and C. Hao, Morphology Evolution and CL Property 
of Ni-Doped Zinc Oxide Nanostructures with Room-Temperature Ferromagnetism. The 
Journal of Physical Chemistry C, 2009. 113(11): p. 4381-4385. 
143. Azaceta, E., R. Tena-Zaera, R. Marcilla, S. Fantini, J. Echeberria, J.A. Pomposo, H. 
Grande, and D. Mecerreyes, Electrochemical deposition of ZnO in a room temperature 
ionic liquid: 1-Butyl-1-methylpyrrolidinium bis(trifluoromethane sulfonyl)imide. 
Electrochemistry Communications, 2009. 11(11): p. 2184-2186. 
144. Eneko Azaceta and R. Tena-Zaera, NiO electrodeposition form PYR14NO3 reduction, 
M.R. Khajavi, Editor. 2010: San Sebastian. 
145. Wasberg, M. and G. Horányi, Electrocatalytic reduction of nitric acid at rhodized 
electrodes and its inhibition by chloride ions. Electrochimica Acta, 1995. 40(5): p. 615-
623. 
146. Milhano, C. and D. Pletcher, The Electrochemistry and Electrochemical Technology of 
Nitrate 
Modern Aspects of Electrochemistry, No. 45, R.E. White, Editor. 2009, Springer New York. p. 1-
61. 
147. Peulon, S. and D. Lincot, Mechanistic Study of Cathodic Electrodeposition of Zinc Oxide 
and Zinc Hydroxychloride Films from Oxygenated Aqueous Zinc Chloride Solutions. 
Journal of the Electrochemical Society, 1998. 145(3): p. 864-874. 
148. Fanning, J.C., The chemical reduction of nitrate in aqueous solution. Coordination 
Chemistry Reviews, 2000. 199(1): p. 159-179. 
149. Schlettwein, D., T. Yoshida, and D. Lincot, Electrodeposited Porous ZnO Sensitized by 
Organic Dyes – Promising Materials for Dye-Sensitized Solar Cells with Potential 
Application in Large-Scale Photovoltaics, in Photoelectrochemical Materials and Energy 
Conversion Processes. 2010, Wiley-VCH Verlag GmbH & Co. KGaA. p. 221-275. 
150. Barreca, D., A. Gasparotto, C. Maccato, C. Maragno, and E. Tondello, ZnO 
Nanoplatelets Obtained by Chemical Vapor Deposition, Studied by XPS. Surface Science 
Spectra, 2007. 14(1): p. 19-26. 
151. J.F.Moulder, W.F.Stickle, P.E.Sobol, and K.D.Bomben, Handbook of X-ray 
Photoelectron Spectroscopy. 1992: Perkin-Elmer Corp. 
152. Dupin, J.-C., D. Gonbeau, P. Vinatier, and A. Levasseur, Systematic XPS studies of metal 
oxides, hydroxides and peroxides. Physical Chemistry Chemical Physics, 2000. 2(6): p. 
1319-1324. 
153. Ogata, K., T. Komuro, K. Hama, K. Koike, S. Sasa, M. Inoue, and M. Yano, 
Characterization of undoped ZnO layers grown by molecular beam epitaxy towards 
biosensing devices. physica status solidi (b), 2004. 241(3): p. 616-619. 
170 
154. Meng, L.-J., C.P. Moreira de Sá, and M.P. dos Santos, Study of the structural properties 
of ZnO thin films by x-ray photoelectron spectroscopy. Applied Surface Science, 1994. 
78(1): p. 57-61. 
155. Kunat, M., S.G. Girol, U. Burghaus, and C. Wöll, The Interaction of Water with the 
Oxygen-Terminated, Polar Surface of ZnO. The Journal of Physical Chemistry B, 2003. 
107(51): p. 14350-14356. 
156. He, G. and K. Wang, The super hydrophobicity of ZnO nanorods fabricated by 
electrochemical deposition method. Applied Surface Science, 2011. 257(15): p. 6590-
6594. 
157. Powder Diffraction File 00-036-1441, PDF-2 Database Sets, International Center for 
Diffraction Data, Newton Square, PA, 1993. 
158. Powder Diffraction File 00-041-1445, PDF-2 Database Sets, International Center for 
Diffraction Data, Newton Square, PA, 1993. 
159. Kim, K.H. and J.S. Chun, X-ray studies of SnO2 prepared by chemical vapour 
deposition. Thin Solid Films, 1986. 141(2): p. 287-295. 
160. Jehl, Z., J. Rousset, F. Donsanti, G. Renou, N. Naghavi, and D. Lincot, Electrodeposition 
of ZnO nanorod arrays on ZnO substrate with tunable orientation and optical properties. 
Nanotechnology, 2010. 21(39): p. 395603. 
161. Guillen, E., E. Azaceta, L.M. Peter, A. Zukal, R. Tena-Zaera, and J.A. Anta, ZnO solar 
cells with an indoline sensitizer: a comparison between nanoparticulate films and 
electrodeposited nanowire arrays. Energy & Environmental Science, 2011. 
162. Srikant, V. and D.R. Clarke, On the optical band gap of zinc oxide. Journal of Applied 
Physics, 1998. 83(10): p. 5447-5451. 
163. Marotti, R.E., D.N. Guerra, C. Bello, G. Machado, and E.A. Dalchiele, Bandgap energy 
tuning of electrochemically grown ZnO thin films by thickness and electrodeposition 
potential. Solar Energy Materials and Solar Cells, 2004. 82(1-2): p. 85-103. 
164. Marotti, R.E., P. Giorgi, G. Machado, and E.A. Dalchiele, Crystallite size dependence of 
band gap energy for electrodeposited ZnO grown at different temperatures. Solar Energy 
Materials and Solar Cells, 2006. 90(15): p. 2356-2361. 
165. Pauporté, T. and D. Lincot, Electrodeposition of semiconductors for optoelectronic 
devices: results on zinc oxide. Electrochimica Acta, 2000. 45(20): p. 3345-3353. 
166. Chatman, S., L. Emberley, and K.M. Poduska, Significant Carrier Concentration 
Changes in Native Electrodeposited ZnO. ACS Applied Materials & Interfaces, 2009. 
1(10): p. 2348-2352. 
167. Ren, T., H.R. Baker, and K.M. Poduska, Optical absorption edge shifts in 
electrodeposited ZnO thin films. Thin Solid Films, 2007. 515(20–21): p. 7976-7983. 
168. Rousset, J., E. Saucedo, and D. Lincot, Extrinsic Doping of Electrodeposited Zinc Oxide 
Films by Chlorine for Transparent Conductive Oxide Applications. Chem. Mater, 2009. 
21(3): p. 534-540. 
169. Burstein, G.T., A. Bennett, A. Collier, C. Newby, B. Barber, C. C. Best, L. Sallows, and 
D. Brook. The Nernst Equation and Pourbaix Diagrams. 
http://www.doitpoms.ac.uk/tlplib/pourbaix/index.php. 
170. Rodriguez, J.A., T. Jirsak, S. Chaturvedi, and J. Dvorak, Chemistry of SO2 and NO2 on 
ZnO(0001)-Zn and ZnO powders: changes in reactivity with surface structure and 
composition. Journal of Molecular Catalysis A: Chemical, 2001. 167(1–2): p. 47-57. 
171. Meyer, B., First-principles study of the polar O-terminated ZnO surface in 
thermodynamic equilibrium with oxygen and hydrogen. Physical Review B, 2004. 69(4): 
p. 045416. 
172. Wöll, C., The chemistry and physics of zinc oxide surfaces. Progress in Surface Science, 
2007. 82(2–3): p. 55-120. 
173. Richardson, J.J. and F.F. Lange, Controlling Low Temperature Aqueous Synthesis of 
ZnO. 1. Thermodynamic Analysis. Crystal Growth & Design, 2009. 9(6): p. 2570-2575. 
174. Govender, K., D.S. Boyle, P.B. Kenway, and P. O'Brien, Understanding the factors that 
govern the deposition and morphology of thin films of ZnO from aqueous solution. 
Journal of Materials Chemistry, 2004. 14(16): p. 2575-2591. 
171 
175. Willander, M., P. Klason, L.L. Yang, S.M. Al-Hilli, Q.X. Zhao, and O. Nur, ZnO 
nanowires: chemical growth, electrodeposition, and application to intracellular nano-
sensors. physica status solidi (c), 2008. 5(9): p. 3076-3083. 
176. Blok, L. and P.L.D. Bruyn, The ionic double layer at the ZnOsolution interface: I. The 
experimental point of zero charge. Journal of Colloid and Interface Science, 1970. 32(3): 
p. 518-526. 
177. Tong, Y., Y. Liu, C. Shao, Y. Liu, C. Xu, J. Zhang, Y. Lu, D. Shen, and X. Fan, Growth 
and Optical Properties of Faceted Hexagonal ZnO Nanotubes. The Journal of Physical 
Chemistry B, 2006. 110(30): p. 14714-14718. 




















List of Publications 
1. M. R. Khajavi, D. J. Blackwood, G. Cabanero, R. Tena-Zaera, “New Insight 
into Growth Mechanism of ZnO Nanowires Electrodeposited from Nitrate-
based Solutions”, Electrochimica Acta, pp 181-189, Vol. 69, 2012. 
 
2. M.R. Khajavi, “Electrodeposition of Hierarchical 1D ZnO Nanostructures”, 
Interface, No. 4, Vol. 19, 2010 (ECS summer fellowship report) 
 
3. M.R. Khajavi, R. Tena-Zaera, D. J. Blackwood, “High-Efficiency Pulse 
Electrodeposition of 1D ZnO Nanostructures”, 221st ECS meeting, 6-11 May, 
2012, Seattle, WA, USA. 
 
4. M.R. Khajavi, R. Tena-Zaera, G. Cabanero, and D. J. Blackwood, “New 
Insight into Growth Mechanism of ZnO Nanowires Electrodeposited from 
Nitrate-based Solutions” International Conference on Materials for Advanced 
Technologies, 26 June ‐ 1 July, 2011, Singapore. 
 
5. M.R. Khajavi, D. J. Blackwood, “Influence of the Nitrate Precursors 
Concentrations on the Growth and Optical Properties of  Electrodeposited 
ZnO Nanowires”, 217th ECS meeting, 25-30 April, 2010, Vancouver, Canada. 
 
6. M.R. Khajavi, D. J. Blackwood, “Investigation on Growth of High Density, 
Highly Vertically Oriented 1D ZnO Nanostructures with High Aspect Ratio 
by Solely Electrochemical Steps”, 217th ECS meeting, 25-30 April, 2010, 
Vancouver, Canada. 
 
7. M.R. Khajavi, D. J. Blackwood, “Single-step Electrodeposition of ZnO 
Nanotube Arrays on TCO Glass Substrates” 216th ECS meeting, 4-9 Oct, 
2009, Vienna, Austria. Travel grant and registration fee waiver awarded. 
173 
8. M.R. Khajavi, D. J. Blackwood, “Electrochemical Deposition of Highly-
Oriented Zinc Oxide Nanorods Suitable for use in Dye-Sensitized Solar 
Cells”, International Conference on Materials for Advanced Technologies 
2009, 28 June- 3July, 2009, Singapore. 
 
9. M.R. Khajavi, D. J. Blackwood, “Effect of Temperature and Potential on 
Electrodeposition of ZnO Nanorods on ITO Glass Substrate”, 215th ECS 
meeting, 24-29 May, 2009, San Francisco, US. 
 
10. M.R. Khajavi, D. J. Blackwood, “Mechanistic Study of Pulse 
Electrodeposition of 1D ZnO Nanostructures” in preparation for submission 
to Electrochimica Acta.  
 
11. M. R. Khajavi, D. J. Blackwood, “Single Step Electrodeposition of ZnO 
Nanotubes”, in preparation for submission to Journal of The Electrochemical 
Society.  
 
12. M. R. Khajavi, E. Azaceta, D. J. Blackwood, R. Tena-Zaera, “Fully 
Electrochemical Deposition of ZnO Hierarchical Structures”, in preparation 
for submission to Journal of The Electrochemical Society.  
 
 
